Introduction

Overview
Inefficient nitrogen (N) retention by ruminants has been a major concern for animal physiologists, nutritionists and microbiologists for many years. The main source of protein available to the ruminant is derived from the microbial population itself. Undegraded food and microbial protein passes from the rumen into the small intestine where it is further degraded and absorbed. One of the principal areas of research by ruminant nutritionists is the study of protein metabolism with the aim of maximizing protein utilization and increasing the flow of N from the rumen to the small intestine. As we also enter a more environmentally aware era and the impact of intensive farming practices on the environment are becoming apparent, pressure is also mounting to ensure that the amount of N excreted is also reduced. This chapter describes the microbiological and biochemical background of N metabolism in the rumen.
Protein breakdown in the rumen by indigenous microorganisms
Dietary protein breakdown in the rumen is a complex process, which involves many different microorganisms that provide the necessary enzymes to hydrolyse peptide bonds. Protein is hydrolysed, releasing oligopeptides, which are then broken in turn into smaller peptides and finally amino acids (AA), which are deaminated to form ammonia (NH 3 ). Ammonia can freely diffuse across the rumen wall and is eventually excreted as urea, leading to a loss of N from the system (Leng and Nolan, 1984) . Protein breakdown provides these microorganisms with peptides and AA necessary for growth but, especially in intensive production conditions where dietary protein is abundant, it often occurs in excess, contributing to inefficient N retention and utilization of dietary N, and leading to excessive NH 3 production (Leng and Nolan, 1984) . High NH 3 production can, in turn, cause problems with environmental pollution and the removal of large amounts of nitrogenous waste. As a result, much effort has been directed at studying the different microorganisms and characterizing the various steps involved in this breakdown process with a view to decreasing wasteful peptide breakdown, thus increasing the flow of N from the rumen to the small intestine and maximizing N utilization.
Ecological importance of nitrogen waste and pollution
Over recent years, concerns have arisen over the increase in the contribution of agriculture, via intensive farming practices, to environmental pollution. Intensive farming practices not only result in the production of large amounts of slurry waste, a mixture of faeces and urine which contains high amounts of water, N, phosphorus (P) and potassium (K), but also contribute to the emission of methane and carbon dioxide, which contribute to the greenhouse effect. Associated with large quantities of effluent are problems with its disposal, odours, formation of NH 3 gas, nitrous oxide and nuisances such as flies, which can also present a health hazard. Attempts are being made to develop strategies to achieve whole farm nutrient balance, ensuring sustainability and reducing environmental pollution by the recycling of organic waste in the form of manure . However, the correct balance of the elements N, P and K in manure must be achieved, otherwise problems can be encountered in either a net loss of nutrients, resulting in depletion of the farm's soils, or an excess, leading to problems of pollution . Of particular concern is the impact that ruminants have on global N emissions, producing high levels of NH 3 ( Jarvis, 1994) and nitrates (Smith and Frost, 2000) . The ruminant is relatively inefficient with regard to its N retention. A high proportion of the ruminant's daily N intake is excreted as urine and faeces, and may account for as much as 70% of the daily N consumption (Tamminga and Verstegen, 1996) . Dairy cattle are classified as major N polluters in animal husbandry (Castillo et al., 2001b) and it has been estimated that a single 650 kg dairy cow can excrete 116 kg N/year (Smith and Frost, 2000) . Of this amount excreted, a high proportion (12%) could be lost by NH 3 volatilization (Lockyer and Whitehead, 1990) . In some instances, the increased feeding of protein supplements to improve productivity actually results in lower efficiency of crude protein (CP) utilization, with N being consumed in excess of nutritional requirements. Tomlinson et al. (1996) observed a 77% increase in N excretion in lactating dairy cows when CP concentration increased from 120 to 180 g/kg dry matter (DM) with no significant effect on milk N secretion. Therefore, increasing the protein supplement was actually detrimental rather than beneficial in terms of N loss from the animal to the environment. No effect on animal performance or duodenal flow of microbial protein was observed in rapidly growing heifers fed high concentrate diets when CP in the concentrate was reduced to 14% (Devant et al., 2000) and further studies concluded that different protein supplements may have an impact upon the N loss, AA profile and total AA flow reaching the duodenum (Devant et al., 2001) .
Strategies are being developed which will maximize N retention and minimize N excretion, both by manipulating the microbial population and by manipulating the nutritional qualities of the diet. Energy and protein sources have been shown to have a significant effect on N excretion in dairy cows (Castillo et al., 2001a,b) . Generally, in terms of environmental pollution, urinary N has a greater impact than faecal N. Lowering supplemental protein concentration and feeding diets with low rumen degradable protein (RDP) sources decreased N output in urine (Castillo et al., 2001b) . On low-CP concentration diets, a high efficiency of N utilization is achieved, with faeces being the main route of N excretion. As protein supplementation increases, an increase in urinary N occurs until more than 70% of N in excess of animal requirements is excreted in urine, contributing to NH 3 emissions and pollution (Castillo et al., 2001b) . A model has recently been developed which will allow the evaluation of different dietary regimes and their effect on the amount of N excretion and on the form in which it is excreted (Kebreab et al., 2002) . This model will allow strategies to be developed, which can maximize N utilization and minimize N excretion, and allow accurate measurement of the form in which N is excreted.
Urea recycling
The quality and composition of the diet can have a significant effect upon the rate of protein degradation and efficiency of N and nutrient utilization in the rumen, affecting the microbial population and the amount of urea, which is recycled. This ability to recycle urea helps to augment diets low in N. On low N diets, ruminants are able to transfer urea from the blood to the gastrointestinal (GI) tract where it can supplement the N supply of the ruminal microorganisms and thereby supply the host animal with AA derived from the microbial protein. It has been estimated that the ruminant can recycle up to a maximum of 6 or 24 g N/ day for sheep and cattle, respectively (Houpt, 1970) . Physiological changes associated with the consumption of diets low in N by ruminants include reduced plasma filtration by the kidney (Leng et al., 1985) , increased urea reabsorption from the initial inner collecting ducts of the kidney (Isozaki et al., 1994) and an increased rate of urea clearance into the GI tract (Ford and Milligan, 1970; Kennedy and Milligan, 1980) . It has been suggested that the increase in the transfer of urea into the GI tract occurs due to the presence of urea transporters lining the wall of the GI tract, which are differentially expressed in response to changes in dietary N content (Ritzhaupt et al., 1997 (Ritzhaupt et al., , 1998 .
However, on diets high in N, the efficiency of N utilization is decreased, leading to an overall loss of N from the system. Generally, as protein supplementation increases, the efficiency decreases, with excessive amounts of N being excreted in the form of urinary N (Castillo et al., 2001b) . Thus, diets which are low in N and which implement the capacity to recycle N may prove to be a more efficient way to increase N utilization and decrease N excretion.
The Role of Ruminal Microbes in N Metabolism
Representatives of the ruminal bacteria (Wallace et al., 1997a,b) , protozoa (Forsberg et al., 1984; Lockwood et al., 1988) and anaerobic fungi (Wallace and Joblin, 1985) have all been implicated in the breakdown of soluble protein. The ruminal bacteria play the most significant role in protein breakdown; the bacterial fraction exhibits 6 to 10 times higher specific proteinase activity than the protozoal fraction (Brock et al., 1982) . Perhaps more unexpectedly, recent work has demonstrated that plant proteinases may also contribute to the breakdown of their own cell protein (see Section 3.2.1.5; Zhu et al., 1999; Wallace et al., 2001) .
The catabolic cascade of proteolysis
The first step in the proteolytic cascade is the breakdown of dietary protein to oligopeptides. This step involves a highly variable population of many different proteolytic microorganisms (Falconer and Wallace, 1998) , which can interact with each other to breakdown protein in a synergistic manner (Wallace, 1985) . The diversity is reflected in the wide spectrum of different protease activities that are observed in rumen contents.
Furthermore, inhibitor studies have demonstrated that the majority of proteinases present in rumen contents and mixed ruminal bacteria are cysteine proteases, although serine, aspartate and metalloproteinases are also present (Brock et al., 1982; Kopecny and Wallace, 1982; Prins et al., 1983; Attwood and Reilly, 1996) . In addition to this highly variable proteolytic population, dietary factors due to proteinases present in the plant material (Section 3.2.1.5) can lead to differences in the proteolytic activity of the rumen fluid. This high degree of variability is an important point, which has to be considered when evaluating possible mechanisms, which would target ruminal proteinases as a means of decreasing protein breakdown in the rumen. It has been suggested that in addition to targeting the microbial population, plant proteinases may also be targeted, with the alteration of the proteinase activity of grass by breeding or genetic engineering, leading to enhanced protein metabolism in the rumen .
Bacterial proteolysis
Many ruminal bacteria from many different groups and genera have been shown to possess protease activity (Wallace and Brammall, 1985; Attwood and Reilly, 1995; Wallace et al., 1997a,b) . Only a few of the main cellulolytic organisms, Fibrobacter succinogenes, Ruminococcus flavefaciens and Ruminococcus albus, do not appear to possess protease activity or participate in the proteolytic cascade (Wallace et al., 1997a) . The most extensively studied ruminal proteolytic bacteria are Ruminobacter amylophilus, Butyrivibrio fibrisolvens, Prevotella spp. and Streptococcus bovis. These bacteria play a role in the degradation of soluble protein, acting as primary degraders (Wallace, 1985) and as such can influence the rate of soluble protein breakdown and subsequent loss of N from the rumen in the form of NH 3 . R. amylophilus was one of the first ruminal bacteria from which a proteinase was isolated (Lesk and Blackburn, 1971; Blackburn and Hullah, 1974) . Its major proteolytic activity is a cellassociated serine proteinase (Wallace and Brammall, 1985) , which has a broad pH optimum (Blackburn, 1968; Lesk and Blackburn, 1971) . Although during growth this enzyme is cell-associated, during stationary phases it is released into the medium upon autolysis (Lesk and Blackburn, 1971) . Both the cell-associated and the soluble form have been shown to be active against trypsin substrates and are inhibited by trypsin substrate analogues (Lesk and Blackburn, 1971) . Some aminopeptidase activity has also been observed in this organism (Blackburn, 1968) . Because R. amylophilus uses NH 3 as its principal source of N and derives only a small proportion of its cell N from protein, peptides and AA (Hobson et al., 1968; Hullah and Blackburn, 1971) , it has been suggested that this highly amylolytic organism produces proteinases in order to degrade structural proteins of cereal grains to allow access to starch granules (Cotta and Hespell, 1986) . A similar function has also been assigned to the proteinases of another highly amylolytic organism, S. bovis (Griswold et al., 1999a) , which, when compared with the other proteolytic organisms, was only recently recognized as an important organism involved in protein breakdown (Russell et al., 1981; Wallace and Brammall, 1985; Attwood and Reilly, 1995) . Like R. amylophilus, S. bovis is able to use NH 3 as a source of N for growth and poorly converts exogenous soluble protein to cell protein (Russell et al., 1981) . Therefore, it is logical to assume that this organism produces extracellular proteolytic enzymes for reasons other than providing N for growth. Because S. bovis can proliferate in the rumen when animals are fed cereal grain diets which are high in starch and soluble sugars, and also in grazing animals which consume large quantities of fresh herbage high in soluble protein (Hazlewood et al., 1983; Nugent et al., 1983; Attwood and Reilly, 1995) , it is regarded as a predominant organism which can have a significant effect upon ruminal proteolysis. Because of the phenotypic similarity observed between the proteolytic activities of several strains of S. bovis and its numerical abundance under different dietary regimes, it has been suggested that this organism is a prime candidate to target in ruminal proteolysis control strategies (Griswold et al., 1999a) .
Proteinase activity in S. bovis is predominantly cell-bound (Wallace and Brammall, 1985; Attwood and Reilly, 1996) and consists of a mixture of serine and cysteine proteases which exhibit high leucine aminopeptidase activity (Russell and Robinson, 1984; Wallace and Brammall, 1985; Attwood and Reilly, 1996) . In addition to cellbound activity, extracellular proteolytic activity has also been observed. Griswold et al. (1999a) characterized the extracellular proteolytic activity of several different strains of S. bovis and found a high molecular weight serine protease present in the culture medium which displayed a high degree of uniformity and phenotypic similarity between different strains. Expression of this serine proteinase was constitutive, but was found to be influenced by the composition and N source of the growth medium; casein gave the highest proteolytic activity, which was decreased upon the addition of exogenous carbohydrates and peptides to the growth medium. The addition of NH 3 and AA to the growth medium has also been shown to affect the total proteolytic activity exhibited by S. bovis (Sales et al., 2000; Sales-Duval et al., 2002) , affecting the expression of both the cellbound and extracellular proteinases. The addition of NH 3 and AA significantly decreases the cellbound proteolytic activity, and increasing AA content also leads to a minor decrease in the extracellular proteolytic activity. It was concluded that this decrease in proteolytic activity was induced by changes in the endopeptidasic activities as a result of the simultaneous uptake of NH 3 and small peptides (Sales-Duval et al., 2002) .
Different strains of B. fibrisolvens display highly variable rates and types of proteolytic activity (Cotta and Hespell, 1986; Attwood and Reilly, 1996) . These strain differences may reflect the phenotypic and phylogenetic diversity of this group of bacteria (Forster et al., 1996; Willems et al., 1996; Kopecny et al., 2001) . Serine, cysteine and metalloproteinase activities have been measured in several different isolates of B. fibrisolvens (Wallace and Brammall, 1985; Attwood and Reilly, 1996) , with activity against several different synthetic proteinase substrates, including the chymotrypsin substrate N-succinyl alanine alanine phenylalanine proline p-nitroanilide (NSAA-PPPNA) and the leucine aminopeptidase substrate [leucine p-nitroanilide (LPNA)], being observed (Attwood and Reilly, 1996) . Most highly proteolytic strains exhibit serine proteinase activity (Wallace and Brammall, 1985; Cotta and Hespell, 1986; Strydom et al., 1986; Attwood and Reilly, 1996) . The majority of proteolytic activity measured in these strains of B. fibrisolvens is extracellular rather than cell-associated ( Wallace and Brammall, 1985; Cotta and Hespell, 1986) , although some strains have been isolated which display a cell-associated proteolytic activity (Attwood and Reilly, 1996) . Generally, strains which have high proteolytic activity release their proteinases into the medium (Wallace and Brammall, 1985; Cotta and Hespell, 1986; Falconer and Wallace, 1998) , whereas those with low activity release only a very small proportion into the medium (Attwood and Reilly, 1996) . Proteolytic activity in B. fibrisolvens is constitutive, but is stimulated upon the addition of either exogenous NH 3 or AA (Cotta and Hespell, 1986; Sales et al., 2000) . Further work has concluded that this increase in proteolytic activity was due to a better balance in the expression of serine, cysteine and metalloproteases by this organism (Sales-Duval et al., 2002) . Even though this organism under certain dietary conditions can be numerically abundant and can be enriched when more resistant types of protein such as albumin are present in the diet , because it exhibits such a diverse proteolytic profile and diversity at the genus level, it would not be a suitable candidate for targeting as a means to decrease protein breakdown in the rumen.
The Prevotella spp. form one of the predominant groups of proteolytic organisms (Wallace et al., 1997a) . Genetically diverse (Avgustin et al., 1994 (Avgustin et al., , 1997 , they are numerically abundant on both all roughage and mixed roughage-concentrate diets (Wallace et al., 1997b) . In some instances, the Prevotella spp. can comprise more than 60% of the bacterial population ( Van Gylswyk, 1990) . Early studies indicated that Prevotella spp. possessed a wide variety of cell-associated proteinases Wallace and Brammall, 1985; Attwood and Reilly, 1996) , which are released into the extracellular medium during the stationary phase of growth (Lesk and Blackburn, 1971; . The proteolytic profile of Prevotella spp. most closely resembles that of whole rumen contents, being affected by trypsin-like inhibitors, metallo-, cysteine and serine protease inhibitors (Hazlewood and Edwards, 1981; Wallace and Brammall, 1985) , reflecting the high degree of diversity within these species. These organisms have recently been reclassified into four different subgroups on the basis of their 16S ribosomal deoxy ribonucleic acid (rDNA) data and phenotypic diversity (Avgustin et al., 1994 (Avgustin et al., , 1997 ) -Prevotella bryantii (type strain B 1 4), Prevotella ruminicola (type strain 23), Prevotella brevis (type strain GA33) and Prevotella albensis (type strain M384). Subsequent studies have shown that within the group of Prevotella spp. there is a large variation in the type, size and number of different proteinases present in each subgroup (Griswold et al., 1999b) . P. albensis produced low molecular weight metalloproteinases, whereas P. bryantii produced a single high molecular weight metalloprotease. P. ruminicola produced one cysteine protease and two metalloproteases which differed in size to those found in P. albensis and P. bryantii. P. brevis produced a wide variety of different cysteine, serine and metalloproteases. In addition to very diverse proteolytic profiles, these organisms exhibited extreme variation in their growth rate and total proteolytic activity with different N sources (Griswold et al., 1999b) , leading to the suggestion that each played a different role in the proteolytic cascade in the rumen, with P. bryantii being involved in both protein and peptide breakdown whereas P. brevis was primarily involved in peptide breakdown (Griswold et al., 1999b) . Kirk et al. (2000) demonstrated that the growth medium had an effect on the expression of proteolytic activity of P. bryantii with an induction of proteolytic activity in response to a decrease in N availability. The N source of the growth medium also affects the proteolytic activity of P. albensis, with the addition of exogenous NH 3 or AA leading to a decrease in proteolytic activity (Sales et al., 2000; Sales-Duval, 2002) . The inhibition of proteolysis by free AA was believed to be linked to the decrease in endo-and exopeptidases and the specialization of cell-associated endopeptidases, and the decrease in proteolysis associated with increasing NH 3 supplementation was believed to be due to decreasing aminopeptidase activity which coincided with increased dipeptidyl peptidase (DPP) activity (Sales-Duval et al., 2002) . Because the Prevotella exhibit such a large phenotypic and genetic diversity, it has been concluded that targeting protein metabolism at the level of proteinase activity by this organism would prove to be problematic.
Although Prevotella spp., B. fibrisolvens and S. bovis are believed to be the major organisms involved in protein breakdown due to their presence at relatively high numbers in the rumen (Stewart et al., 1997) , several other organisms have been isolated which also display proteolytic activity but which have been dismissed as playing a significant role in the proteolytic cascade due to their small population size. Included in this group are several Eubacterium strains which have mainly cell-associated serine and metallo-type proteases which show high activity against the chymotrypsin substrate NSAAPPPNA ( Wallace and Brammall, 1985; Reilly, 1995, 1996) , and a Clostridium sp. which exhibited predominantly serine proteinase activity but also cysteine and metalloprotease activity (Attwood and Reilly, 1995; Attwood et al., 1996) . In addition Lachnospira, Selenomonas, Succinivibrio and Fusobacterium species have all been isolated which displayed proteolytic activity ( Wallace and Brammall, 1985; Wallace et al., 1997b) .
The rate of protein breakdown by two of the major proteolytic organisms S. bovis and Prevotella is regulated by N source and availability. Regulation of proteolytic activity by the amount and availability of N source has already been extensively studied in the dairy starter organisms Lactococci, and it has been shown that proteolysis in these organisms was repressed by the end products of casein breakdown (Meijer et al., 1996) . This has also been found to be the case for several other rumen and colonic bacteria, where NH 3 inhibits proteolysis (Cotta and Hespell, 1986; Gibson and MacFarlane, 1988) . By being able to regulate the expression of proteins involved in N metabolism in rapid response to environmental stimuli means these organisms are placed at a competitive advantage over other organisms in the same ecosystem.
Because the breakdown of dietary protein involves such a complex and diverse array of different enzymes and organisms, this first step in the proteolytic cascade would be a difficult step to target as a means of decreasing protein breakdown in the rumen. The proteolytic population is also highly variable and is influenced by dietary factors and can even vary between animals on the same diet (Falconer and Wallace, 1998 ). This high degree of variability is an important point, which has to be considered when evaluating possible mechanisms for decreasing protein breakdown. As a result, more effort has been concentrated on the following steps in the breakdown pathway, the breakdown of oligopeptides to dipeptides, which involves only a few different microorganisms, and the subsequent hydrolysis of dipeptides and AA, the last of which is carried out in part by a specialist microbial population.
Bacterial breakdown of oligopeptides
Only a few species of microorganisms are involved in the breakdown of oligopeptides to dipeptides, with Prevotella spp. playing a principal role in this catabolic process ( Fig. 3.1 ; Wallace and McKain, 1991) . Evidence to support this group as being the main organisms involved in oligopeptide breakdown is provided by the manner in which they break down these small peptides. Prevotella spp. exhibit an intracellular DPP activity, which cleaves a dipeptide from the N-terminus of the oligopeptide in a sequential manner until only dipeptides and AA remain (Wallace and McKain, 1991) . This is the main mechanism by which oligopeptides are seen to be broken down by mixed rumen contents Depardon et al., 1995 Depardon et al., , 1996 and a survey of laboratory cultures (Wallace and McKain, 1991) and selective isolations from rumen fluid (McKain et al., 1992) indicated that the only predominant ruminal species to possess this DPP activity were Prevotella spp. It should be noted that the other two organisms involved in the breakdown of oligopeptides ( Fig. 3.1 ), S. bovis and R. amylophilus, like the majority of bacteria, exhibit a different type of peptidase activity. These two organisms cleave off a single AA from the N-terminus of the peptide by an enzyme termed aminopeptidase (E.C. 3.4.11; Wallace and McKain, 1991) . Aminopeptidase activity is not predominant in rumen contents ) even though it is the main mechanism by which most bacteria break down peptides. Therefore, it was concluded that these two organisms do not play as significant a role as Prevotella spp. in the breakdown of oligopeptides, and would only come into effect under dietary conditions in which they were the predominant bacterial species present and the Prevotella spp. had been eliminated. Due to the limited number of organisms involved, this part of the proteolytic pathway would seem a likely step to target as a means of decreasing wasteful protein breakdown.
As mentioned previously, the Prevotella spp. are phenotypically and genetically diverse. However, all exhibit DPP activity, although the relative activities against different substrates differed markedly between the different subgroups, which may reflect different ecological niches within the rumen ecosystem (Avgustin et al., 1997) . Because P. albensis exhibited the highest DPP type I activity, reflecting what is observed in mixed rumen contents, we have focused on oligopeptide breakdown by this organism.
OLIGOPEPTIDE BREAKDOWN IN P. ALBENSIS M384.
Ion exchange chromatography (IEC) of sonicated cell extracts of P. albensis M384 indicated that there are at least four different DPP activities present in this organism (Wallace et al., 1997a) . Although these enzymes cleave oligopeptides in the same manner, they have different substrate specificities and characteristics. The majority of bacteria display a different type of peptidase activity to what is observed in P. albensis. Instead of cleaving a dipeptide from the N-terminus, they remove a single AA by an amino-acyl aminopeptidase. Only a few microorganisms display DPP activity (Chan et al., 1985; Atkinson et al., 1995; Ogasawara et al., 1996a Ogasawara et al., ,b, 1997 . The majority of these only possess DPP type IV that recognizes peptides of the form X-Pro-X-X and cleaves the bond between the proline (Pro) and the third AA (Abiko et al., 1985; Atlan et al., 1990; Booth et al., 1990a,b; Lloyd and Pritchard, 1991; Nardi et al., 1991; Meyer-Barton et al., 1993) . Only mammalian systems have also been shown to possess four different types of DPP activity (McDonald and Barrett, 1986) . These have similar substrate specificities but differ slightly in their characteristics when compared with those found in P. albensis.
P. albensis DPP type I is similar to the mammalian DPP-I (cathepsin C, E.C. 3.4.14.1), in terms of its substrate and inhibitor specificity. Wallace et al. (1997a) demonstrated that it was inhibited by iodoacetate and ethylene diamine tetraacetic acid (EDTA), suggesting that sulphhydryl groups and metal ions were important for catalysis, but was also affected, to some extent, by serine protease inhibitors. However, unlike its mammalian counterpart, P. albensis type I was oxygen-sensitive and readily hydrolysed substrates containing the basic AA arginine (Arg) in the N-terminal position (Wallace et al., 1997a) , which the mammalian DPP-I does not (McDonald et al., 1969a,b; McGuire et al., 1992) . There is a cysteine protease, gingipain, in another oral bacterium, Porphyromonas gingivalis, that has similar substrate specificities and inhibition profile to the DPP-I of P. albensis (Chen et al., 1992; Madeira et al., 1997) . However, this enzyme is an extracellular endopeptidase that is different from the intracellular exopeptidase activity of P. albensis. Both these organisms belong to the Cytophaga-Flexibacter-Bacteroides (CFB) phylum, cluster within the same group (Ramsak et al., 2000) and are closely related. Therefore, certain similarities would be expected between the two organisms, and information from one may give insight to peptide breakdown mechanisms in the other.
P. albensis type II, similar to mammalian DPP-II (E.C. 3.4.14.2), hydrolysed lysine alanine 4-methoxy-2-nitroanilide (LysAlaMNA) but was unaffected by the mammalian DPP-II serine protease inhibitors and, like DPP-I, was only affected by iodoacetate and EDTA, indicating a dependence on metal ions for its activity ( Wallace et al., 1997a) . This would indicate that P. albensis DPP-II is a metalloprotease instead of a serine protease like its mammalian counterpart. Although mammalian DPP-II has broad specificity, it also has a preference for both alanine (Ala) and proline (Pro) in the P1 position and for lysine (Lys) at the terminal P2 position (McDonald et al., 1969a,b; McDonald, 1998) , whereas the P. albensis type II did not tolerate Pro in the P1 position. Ogasawara et al. (1996b) have also identified another DPP in Pseudomonas that is able to hydrolyse LysAlaMNA and a variety of other substrates including GlyPhepNA and Ala 2 pNA, indicating broad specificity. This would appear to be different to the type II in P. albensis, which had separate activity against LysAlaMNA and Ala 2 pNA (Wallace et al., 1997a) . The hydrolysis of GlyPhepNA was not tested in P. albensis. The enzyme from the Pseudomonas spp. was also a serine peptidase, unlike that of P. albensis. Again this highlights not only differences between mammalian and microorganism systems, but also between individual species of bacteria.
The third type of DPP, type III, does not have a mammalian counterpart and was specific for the hydrolysis of alanine-containing peptides, Ala 4 , Ala 5 and the synthetic substrates Ala 2 pNA and ValAlapNA, and was strongly affected by serine protease inhibitors ( Wallace et al., 1997a) . This enzyme appeared to be very specific and only recognized substrates that had an Ala in the P1 position. Mammalian DPP-III (E.C. 3.4.14.4) is also very specific and only hydrolyses dipeptidyl arylamides of the form Arg-Arg-X-X, although some oligopeptides containing Ala, Lys and leucine (Leu) are slightly susceptible to breakdown (Lee and Snyder, 1982) . Like the P. albensis type III, it is also a serine protease but there the similarities end. P. albensis type III would appear to be unique to this organism (Wallace et al., 1997a) and as a result would be a suitable candidate to target for inhibition studies because an inhibitor specific for this enzyme would only affect this enzyme. Because of this enzyme's preference for alanine-containing peptides, it has been referred to as Ala-DPP. This enzyme has been partially purified (Kim et al., 2001) .
The final type, which has been identified so far, is DPP type IV, which is very similar to its mammalian counterpart DPP-IV (E.C. 3.4.14.5). This enzyme has recently been cloned from P. albensis, sequenced and expressed in Escherichia coli . As expected, this enzyme hydrolysed the test substrates GlyPropNA and GlyProMNA and was strongly inhibited by serine protease inhibitors and diprotin A (Ile-Pro-Ile), which is believed to act as a competitive inhibitor. This enzyme, like all of the other DPP-IVs identified to date, was a serine protease and had a preference for X-Pro-X-X peptides, but could also hydrolyse X-Ala-X-X peptides. Thus, DPP-IV would appear to be the most highly conserved DPP, with several different bacteria (Atlan et al., 1990; Mineyama and Saito, 1991; Nardi et al., 1991) , yeast (Bordallo et al., 1984) and fungi (Tachi et al., 1992) already being described with similar substrate specificity, catalytic characteristics and inhibitor specificity to the mammalian DPP-IV, and with similar sequence identity.
A better understanding and characterization of the DPP present in P. albensis will allow for their possible manipulation. Potential specific inhibitors of the four different DPPs present in P. albensis have already been identified which are structural analogues of dipeptides . It is hoped that it will be possible to reduce peptide breakdown by this organism using these as potential novel feed additives.
Breakdown of small peptides to amino acids
The next step in the breakdown of dietary protein is the breakdown of dipeptides and tripeptides to AA. In contrast to the previous step, that only involved three different species of bacteria, several different bacteria and protozoa exhibit dipeptidase activity ( Fig. 3 .1). The main bacterial species are Prevotella spp., Megasphaera elsdenii, F. succinogenes and Lachnospira multipara. All were inhibited by 1,10-phenanthroline, a chelator of divalent metal ions, indicating that all of these dipeptidases were metalloenzymes . The ciliate protozoa also exhibit a high metal-dependent dipeptidase activity (Wallace et al., 1990a and, therefore, like the majority of dipeptidases are found in other systems (Lazdunski, 1989) . Those found in the rumen are metallopeptidases. It has been demonstrated that in the mixed microbial population the protozoa are mainly responsible for dipeptide breakdown . However, even in a defaunated animal that has had all the protozoa removed, there is no obvious difference in dipeptidase activity, indicating that the bacteria take over the niche previously occupied by the protozoa. Thus, defaunating agents would have little effect on the reduction of dipeptide breakdown. Metal chelators are also very non-specific in the enzymes and cell processes they target and as a result more specific dipeptidase inhibitors would have to be designed before this step could be affected . In addition to the breakdown of protein and oligopeptides the Prevotella play a significant role in the breakdown of di-and tripeptides. The final step in the breakdown of protein to AA is the cleavage of di-and tripeptides. Tripeptidase activity would appear to be not as important as dipeptidase activity because tripeptides are only formed as the carbon (C)-terminal product formed from the breakdown of odd-numbered peptides (Wallace and McKain, 1991; Wallace et al., 1993a Wallace et al., , 1995 . These tripeptides are then broken down further by a single AA being cleaved off the N-terminus, resulting in the formation of a free AA and a dipeptide, which is broken down in turn by the dipeptidase (Wallace et al., 1995) . Thus the dipeptidase plays an essential role in the formation of free AA. Both the dipeptidase and the tripeptidase have been shown to be non-specific in the type of peptides they break down with similar rates of hydrolysis obtained for a wide variety of substrates (Broderick et al., 1988; Wallace et al., 1995) .
Anion exchange chromatography of sonicated cell extracts of P. albensis has demonstrated that diand tripeptidase activities are quite distinct and separate from DPP activity in this organism, occurring in different fraction peaks (Wallace et al., 1995) . However, like DPP activity, di-and tripeptidase activities are located in the cytoplasm, and it has been suggested that transport limits the rate of their hydrolysis (Wallace et al., 1995) . Protonophores, ionophores or dicyclohexylcarbodiimide (DCCD), an ATPase inhibitor, had no effect on the hydrolysis of the dipeptide, Ala 2 , and the tripeptide, Ala 3 , in whole cells. Only 1,10-phenanthroline and EDTA inhibited the di-and tripeptidases, consistent with them being metalloproteases (Wallace et al., 1995) . Banding patterns on native gels visualized using activity staining showed that separate single di-and tripeptidase activities were observed which hydrolysed several different substrates (Wallace et al., 1995) . GlyPro activity could not be measured by the activity staining technique and, therefore, it was not determined whether P. albensis, like many other organisms, possessed a dipeptidase activity that was specific for X-Pro dipeptides. It would, however, be likely that this organism would possess a specialized enzyme for the hydrolysis of prolinecontaining dipeptides that would be readily formed by the DPP-IV enzyme from the hydrolysis of X-Pro oligopeptides. Rf values obtained for the tripeptidase were the same for the four different Prevotella type strains but differences were observed for the dipeptidase (Wallace et al., 1995) . Gel permeation chromatography (GPC) indicated that the M r of the dipeptidase of P. albensis M384 was 115,000 and the M r of the tripeptidase was 112,500. This would place them at a similar size as already identified in other di-and tripeptidases in other organisms. A peptidase-deficient strain of E. coli was successfully complemented with DNA from P. albensis and sequence analysis of the clone identified an open reading frame (ORF ) which shared identity to PepD, a broad specificity dipeptidase found in several prokaryotes ( Walker et al., unpublished results) .
Ammonia formation from amino acids
The final step in the breakdown of dietary protein is the breakdown of AA to NH 3 . There is very little free AA present in rumen fluid, even 1 h after feeding (Leibholz, 1969) and the little amount present is found intracellularly (Wallace, 1979) . Any free AA is rapidly deaminated, and the C-skeletons are metabolized to give a variety of short chain fatty acids (scFA) (Blackburn, 1965; Allison, 1970) . The amount of free AA present in rumen fluid varies between different diets, lucerne hay giving the greatest accumulation (Leibholz, 1969) . Rapidly degradable protein in the diet also leads to a greater accumulation of free AA (Broderick and Wallace, 1988) . These differences in diet may reflect differences in the microbial population. The breakdown of AA involves several different species of bacteria and protozoa ( Fig. 3 .1). For many years, it was assumed that NH 3 formation was carried out by some of the most numerous species of ruminal bacteria that had been identified to produce NH 3 weakly from protein or protein hydrolysates (Bladen et al., 1961) . Organisms, which have already been shown to play a role in other steps in the proteolytic cascade, also play a role in the breakdown of AA. Prevotella spp., B. fibrisolvens, S. ruminantium, S. bovis and M. elsdenii all deaminate AA, some exhibiting a selective preference for certain AA, others breaking down a substantial proportion of all AA present in the growth medium (Scheifinger et al., 1976) . Different strains of M. elsdenii display different rates of deaminase activity . All strains tested were resistant to monensin and although they could not utilize branched chain AA as an energy source for growth, they were able to rapidly deaminate these AA .
However, Russell and his colleagues Russell et al., , 1991 calculated that these bacteria, though numerous, did not have sufficient activity to account for observed in vitro rates of NH 3 production by the mixed population in their cattle. Selective enrichments were carried out with Trypticase as sole source of energy, and bacteria were isolated which grew on Trypticase as sole source of energy. They were much less numerous than the others, comprising about 1% of the population, but they had a specific activity of NH 3 production from Trypticase which was an order of magnitude greater than that of the other species. These bacteria, unlike the more numerous species, were Gram-positive and highly sensitive to the feedlot ionophore, monensin. Ruminal NH 3 concentrations are lower when ruminants receive this ionophore, so it was deduced that the new species must be significant NH 3 producers in vivo. The species isolated were identified as Peptostreptococcus anaerobius, Clostridium sticklandii and Clostridium aminophilum (Paster et al., 1993) . They were nonsaccharolytic but able to grow rapidly on Trypticase and were different from the most numerous ruminal species. However, even at a low population size they had deaminative activity sufficient to contribute significantly to NH 3 production by the mixed population in vivo.
In subsequent studies, similar bacteria -socalled 'ammonia-hyperproducing' (HAP) -were isolated in New Zealand (Attwood et al., 1998), Australia (McSweeney et al., 1999) and Great Britain (Eschenlauer et al., 2002) . In the first study, Attwood et al. (1998) isolated 14 morphologically different species from pasture-grazed cows, sheep and deer. The isolates were similar to the HAP species, but all were genotypically different. A greater diversity of HAP species than the original isolates was again indicated in the isolates made from goats receiving tannins-rich Calliandra calothyrsus (McSweeney et al., 1999) .
Some of the isolates were saccharolytic and/or proteolytic, suggesting that the HAP niche is not occupied only by asaccharolytic organisms, but also by organisms with wider metabolic functions. In the British study (Eschenlauer et al., 2002) done with sheep, 1.4% of the total bacterial population grew on Trypticase alone, of which 93% were eliminated by monensin. Nineteen isolates were capable of growth on Trypticase, which fell into six phylogenetic groups. All were sensitive to monensin, and almost all were rapid NH 3 producers. The most abundant HAP species were most closely related to asaccharolytic ruminal and oral Clostridium and Eubacterium spp. (Fig. 3 .2). Others included bacteria phylogenetically related to Desulfomonas piger ( pigra) and Acidaminococcus fermentans.
Rates of NH 3 production in rumen fluid appear to vary greatly depending on diet and it is not always necessary to invoke the activity of the high-activity NH 3 producers to explain observed rates of NH 3 production by the mixed rumen population (Wallace, 1996) . Published values for rates of NH 3 production vary considerably, because of possible dietary, species and methodological differences. The batch-culture type of incubation of mixed ruminal digesta, in which the bacteria grow exponentially, used in some studies to calculate NH 3 production gives higher apparent rates than shorter incubations with lower concentrations of substrate, which is probably more similar to the conditions found in vivo (Eschenlauer et al., 2002) .
Therefore, the HAP group of bacteria plays an important role in the ruminal fermentation of peptides and AA and may exist in higher numbers and more diverse species than first estimated. Dietary factors may also play a role in the numerical abundance of these bacteria; in animals fed a hay diet the population of HAP organisms is four times higher than in animals fed a grain diet (Rychlik and Russell, 2000) . Evidence to support the importance of HAP organisms in the breakdown of protein comes from studies in which monensin-treated animals showed a significant decrease in ruminal deamination and the production of NH 3 . It is believed that only the monensinsensitive HAP bacteria were affected, leading to a decrease in NH 3 production (Attwood et al., 1998). Sixteen S rRNA probes have demonstrated that the addition of monensin to the diet reduced the population of the initial HAP organisms isolated, P. anaerobius and C. sticklandii but not Clostridium anaerobius (Krause and Russell, 1996) . It was concluded that because C. aminophilum displayed monensin resistance in vivo which was not observed in vitro batch culture, the use of monensin as a means of inhibiting the growth of all obligate AA deaminating organisms could not be entirely guaranteed (Krause and Russell, 1996) . With the isolation of more diverse HAP organisms, further studies using probes based on these recently isolated HAP bacteria will have to be conducted to determine whether these are also affected by the addition of monensin to the diet. Generally, the bacteria which are recognized as low activity NH 3 producers, M. elsdenii and the Prevotella spp. are resistant or are able to adapt to growth in the presence of physiological concentrations of monensin (Newbold et al., 1992; . The numbers of these deaminative organisms would also have to be measured in response to the addition of monensin to the diet.
In addition to sensitivity to monensin, some of these HAP organisms have also been shown to be sensitive to the bacteriocin nisin (Callaway et al., 1997) and a bacteriocin produced by a ruminal strain of B. fibrisolvens . These bacteriocins are small pore-forming peptides that cause a decrease in cell viability by causing the efflux of intracellular ions and subsequent ATP depletion. It has been suggested that these bacteriocins may be useful in controlling the population of these obligate AA fermenting bacteria .
The protozoa also play a significant role in deamination (see Section 3.2.5.3 and all of Section 3.3).
In the mixed population of the rumen, different AA are deaminated at different rates, and the extent of incorporation of AA vs. their deamination depends on many factors, including the availability of carbohydrate and the concentrations of AA. When presented at low concentrations (10 mg/l) of radiolabelled AA in ruminal fluid, only small quantities of leucine, tyrosine and phenylanine were labelled in microbial protein (Armstead and Ling, 1993) . The other AA were catabolized. In incubations with much higher concentrations (5 g/l), concentrations of AA declined, due partly to incorporation and partly to catabolism (Atasoglu et al., 2003a) . Some AA were incorporated with little being degraded. These AA included isoleucine, phenylalanine, lysine and to a lesser extent leucine. The low catabolism of these acids is consistent with their C-skeleton being required, either as the AA or as precursor short and branched chain fatty acids (see Section 3.2.3.2). Others, particularly members of the glutamate family, were catabolized much more extensively, such that glutamate breakdown was almost as great as its incorporation. The minimal catabolism of these AA is not obvious from simple AA concentrations at the beginning and end of the incubation (Atasoglu et al., 2003) , nor was it evident from the analyses carried out by Chalupa (1976) or Broderick and Balthrop (1979) , which measured only AA loss and did not distinguish between catabolism and incorporation.
Plant proteinase activity
Virtually all the early work on proteinase activity in the rumen made the assumption that the proteolytic enzymes were derived from the microorganisms. Early comprehensive reviews (Blackburn, 1965; Allison, 1970) did not consider that the feedstuff could contribute enzymic activity. None of the older papers deals with the digestion of plant proteins in situ when the diet is fresh forage. Brock et al. (1982) used ruminal fluid from a Holstein cow receiving lucerne hay plus maize grain supplement, and azocasein as substrate. Kopecny and Wallace (1982) used a ration consisting of grass hay and barley-based concentrate together with labelled casein as substrate. Nugent and Mangan (1981) used fraction 1 leaf protein (Rubisco) as the substrate, but it had already been extracted from plant tissues. Prins et al. (1983) and Falconer and Wallace (1998) also used ruminal fluid from animals fed dried rations as their starting material. In the latter study, the main proteolytic enzymes in the rumen of different animals appeared to be highly variable, so it was suggested that the proteolytic microbial population was also highly variable. Therefore, none of these studies could provide a clue as to the validity of the Theodorou et al. (1996) suggestion.
The first discussion of a possible contribution by plant proteinases appeared, when Theodorou et al. (1996) proposed that much of the rapid release of NH 3 in grazing animals might be initiated by the action of plant, rather than microbial, proteinases. They argued that grass cells contain vacuoles harbouring broad-spectrum proteinases which are known to be responsible for protein breakdown in the silo (Wetherall et al., 1995) ; that proteins of fresh forage would not be available for microbial attack because they are trapped in plant tissues which are incompletely disintegrated; and finally that, within the microenvironment of the incompletely disintegrated plant tissue, it would be the plant proteinases themselves which would break down the plant proteins. Zhu et al. (1999) set out to assess the importance of plant proteinases in four forages -ryegrass, red clover, white clover and bird's-foot trefoil -by following the breakdown pattern of plant proteins by SDS-PAGE in the presence and absence of ruminal fluid in vitro. The ruminal fluid was not from a grazing animal, but from a cow receiving grass silage or a sheep receiving hay. The digestion of proteins to peptides clearly occurred with both ruminal fluid in the incubation mixture and without added ruminal fluid after 24 h incubation. The authors concluded that intrinsic plant proteinases were responsible for the proteolysis. However, scFA accumulated to almost 40 mmol/l, which is about 40% of the total scFA concentration in ruminal fluid, indicating that substantial microbial fermentation had occurred. Thus, microbial growth must have occurred in the incubations without added ruminal fluid, which could have contributed in a major way to proteolysis. The inoculum was presumably epiphytic bacteria associated with the plant material.
Our own experiments ) aimed at evaluating the role of plant proteinases in ruminal protein breakdown in grazing animals concluded that plant proteinases made a real impact, but that its magnitude was likely to be small compared to microbial activity. The rate of release of NH 3 from homogenized grass was almost double that from homogenized, autoclaved grass, which is consistent with a significantly lower rate of hydrolysis when plant proteinases are destroyed. The proteolytic activity of the grass preparation was much lower than that of the microorganisms, indicating that the location of the plant proteinases at the same place as the proteins being broken down gives them a significance that outweighs their relatively low proteolytic activity. Thus, altering the proteinase activity of grass by breeding or genetic engineering should produce significant benefits to the protein nutrition of grazing ruminants.
Breakdown of non-protein nitrogencontaining materials
With only a few exceptions, the breakdown of nitrogenous compounds other than proteins by ruminal microorganisms has received little attention by researchers in recent years. Nevertheless, the importance of cheap, non-protein N as a feed ingredient remains of great significance in the developing world, while the breakdown of nucleic acids has taken on new significance as the controversy about genetically modified (GM) crops and their impact on health and the environment continues, particularly in the European Union.
Urea breakdown
Urea is converted to NH 3 and carbon dioxide (CO 2 ) by rumen microbial urease, which is similar to the well characterized jackbean enzyme (Wallace et al., 1997b) . The activity is bacterial in origin. No activity is associated with ciliate protozoa (Onodera et al., 1977) or fungi , and defaunation did not affect the urease activity of ruminal digesta in the study of Sahu et al. (2000) , but urease activity was lower in defaunated calves in another experiment (Pal et al., 1998) . In the absence of the microbial population in germfree lambs, urea was not hydrolysed, reaching the same concentration in the rumen as in blood . The microbial ecology of ureolysis in the rumen distinguishes the bacteria of the deep ruminal digesta from those inhabiting the rumen wall (Laukova and Koniarova, 1995; Wallace et al., 1997b) . The former population probably hydrolyse urea entering the rumen in saliva and in the diet, while highly active facultative species, predominantly Staphylococcus spp., inhabit the rumen wall, where the urea originates by diffusion from blood . Selenomonas ruminantium was the most abundant strict anaerobe with urease activity in a large survey carried out by Laukova and Koniarova (1995) . Urease is regulated in S. ruminantium by glutamine synthetase (Smith and Bryant, 1979; Smith et al., 1981) . Ruminal urease activity is enhanced by dietary nickel (Spears et al., 1977; Spears and Hatfield, 1978) , and it is a nickel-containing protein in S. ruminantium (Hausinger, 1986) .
Urea hydrolysis by ruminal microorganisms enhances the efficiency of N retention by ruminants on a low-N diet (Leng and Nolan, 1984) . Ammonia, which results from microbial activity in the digestive tract and from catabolic activity in the animal's tissues, is converted to urea. Urea in the bloodstream can then diffuse back to the rumen, and be recycled into microbial protein (Kennedy and Milligan, 1980) . It is only when enhancing the N content of the diet by adding urea is considered (Roffler and Satter, 1975) that bacterial urease activity is considered excessive and the target for control. Until now, ways of exerting such control have not proved successful (see Section 3.3.2). Arguably more success was obtained by introducing modified urea or other forms of non-protein N which were degraded more slowly than urea (Schwartz, 1967; Chalupa, 1972; Merry et al., 1982) .
Nucleic acids
One of the earlier objectives of finding out how extensively nucleic acids are broken down in the rumen was to assess if total DNA or RNA present in rumen contents could be used as a marker of microbial biomass (Smith and McAllan, 1970) . Naked DNA and RNA are hydrolysed rapidly in rumen contents (McAllan and Smith, 1973b) , releasing nucleotides which are also rapidly broken down (McAllan and Smith, 1973a) . Intact nucleic acids in rumen contents are, therefore, likely to be predominantly microbial, so DNA or RNA can be used as biomass markers. Which microbial species are primarily responsible for the destruction of exogenous plant nucleic acids remains unclear: Flint and Thomson (1990) investigated nuclease activity of some species of ruminal bacteria and found that the highest activities were present in Prevotella spp. and F. succinogenes. The extracellular enzymes of these species could explain the high nuclease activity of extracellular fluid from mixed rumen contents (Russell and Wilson, 1988) . Genetic investigations have led to numerous observations about restriction endonucleases of ruminal bacteria (Pristas et al., 1995 (Pristas et al., , 2001 Miyagi et al., 1998) . But are these the same enzymes that degrade the bulk of plant DNA? It seems unlikely.
This type of information becomes ever more important as the GM crops debate continues, particularly in the European Union. If the consumption by ruminants of plants containing new genes leads to gene transfer to the microorganisms or to the host, some would argue that this presents a hazard to the environment or human health. It has been shown that intact genes and gene fragments persist for very short periods of time in rumen contents except in particulate plant materials where the DNA is protected in intact plant cells (Alexander et al., 2002; Duggan et al., 2003) which would mean that the uptake of genes by the microorganisms would be a very rare event and that uptake by the host of intact genes is very low. This argument could be used in support of the safety of GM crops as ruminant feeds. However, it has to be weighed against the knowledge that there is overwhelming evidence that horizontal gene transfer seems likely to have occurred between ruminal species (Flint and Scott, 2000) and even between organisms in different phylogenetic domains (Gilbert et al., 1992) .
Other nitrogenous compounds
There are other nitrogenous compounds whose metabolism has been studied in ruminal microorganisms. Some of these, such as nitrate, choline and ethanolamine, are present in the feed. Others have been synthetic compounds, which were designed to provide NH 3 at a rate of release that matched microbial requirements better than the too rapidly degraded urea. Also, the possibility that gaseous N 2 could be fixed in the rumen has been investigated. These various investigations will be described briefly here.
Nitrate is abundant in many feeds, but its interest to livestock producers has not been nutritional, rather the hazard it presents by being reduced to nitrite by ruminal microorganisms (Lewis, 1951; Holtenius, 1957) . If the nitrite is not further reduced, it can be absorbed by the animal and cause nitrite poisoning. Jones (1972) investigated ways of preventing nitrite accumulation, and found that only formate provided reducing equivalents rapidly enough to prevent nitrite accumulation. It is known that S. ruminantium and probably other bacteria use nitrate as an electron acceptor ( John et al., 1974) , but as far as we are aware little is known about the microbial ecology of nitrite reduction. Choline and ethanolamine are also fairly abundant in feedstuffs. Choline is particularly significant with regard to protozoal activity (see Section 3.2.5).
Under normal circumstances, the rate of N 2 fixation from atmospheric N 2 is insignificant (Moisio et al., 1969; Hobson et al., 1973; Jones and Thomas, 1974) . Clearly if rumen fermentation could be manipulated to fix N 2 the implications would be enormous. However, attempts to achieve this by inoculating sheep with a N 2 -fixing Bacillus macerans resulted in nutritionally insignificant N 2 fixation ( Jones and Thomas, 1974) .
Another manipulation that has been investigated concerns attempts to find a synthetic nonprotein N compound that releases NH 3 less rapidly than urea. Compounds such as biuret, creatine, ammoniated molasses and glycosyl ureas have been investigated (Schwartz, 1967; Chalupa, 1972; Merry et al., 1982) but probably the physical protection of urea in urea-molasses blocks has been the most effective means of controlling energy supply and the availability of nonprotein N to ruminants. Chemical protection may only be transient because of adaptation by the rumen microflora (Nikolic et al., 1980) .
De novo synthesis of amino acids
One of the most important benefits of the evolution of a forestomach fermentation is that the microorganisms which result from microbial fermentation are available for gastric and intestinal digestion, whereas in hindgut fermenters, the microorganisms are voided in faeces and their nutritive value is lost. From a livestock production standpoint, this capability is very important in low-input production systems. The microbial population as a whole does not require AA: NH 3 is an adequate source of N for protein synthesis if sufficient energy is available (Leng and Nolan, 1984) . Thus, urea can be recycled within the body and leads to microbial protein synthesis in the rumen. Furthermore, diets deficient in AA-N can be supplemented with NH 3 -yielding non-protein N, such as urea. The ultimate demonstration of the value of this nutritional capability was made by Virtanen and his colleagues (Virtanen, 1966) , who fed dairy cattle for extended periods on diets totally deficient in AA, but which contained energy and urea as N sources. Milk production was normal and the animals suffered no ill effects.
The biosynthetic events necessary for AA biosynthesis will be described in terms of how N is assimilated from NH 3 and how C-skeletons of the AA are formed. The AA requirements of ruminal microorganisms will be assessed, and compared with an important aspect of protein nutrition, namely the benefit that fermentation obtains from the availability of pre-formed AA and peptides -benefit rather than requirement.
Ammonia uptake in ruminal microorganisms
The mechanisms of NH 3 assimilation by ruminal bacteria have been described comprehensively before (Hespell, 1984; Morrison and Mackie, 1996; Wallace et al., 1997b) , and only a summary is given here. Some calculations have suggested that NH 3 may accumulate inside microbial cells (Russell and Strobel, 1987) , indicating that NH 3 uptake may be mediated by an active carrier, but we are not aware of other work having been done on the mechanism of translocation of NH 3 into the cell. Once taken into the cells, ruminal bacteria assimilate NH 3 into AA largely via the reductive amination of glutamate by NAD-linked glutamate dehydrogenase (NAD-GDH). The evidence for this being the predominant mechanism in the mixed population comes from direct measurement of enzyme activities (Erfle et al., 1977; Wallace, 1979; Lenartova et al., 1987) and tracer experiments (Blake et al., 1983; Atasoglu et al., 1999) . Other enzymes of NH 3 assimilation are also present, notably NADP-linked glutamate dehydrogenase (NADP-GDH), the glutamine synthetase-glutamate synthase (GS-GOGAT) coupled reactions, and alanine dehydrogenase (Chalupa et al., 1970; Wallace, 1979) . With NH 3 concentrations of 5-15 mmol/l, which occur in ruminants with adequate dietary N, NAD-GDH is the main mechanism of NH 3 assimilation: the K m (NH 3 ) of NAD-GDH is 20-33 mmol/l (Erfle et al., 1977; Wallace, 1979) and glutamate is the most abundantly labelled AA when 15 N is presented (Atasoglu et al., 1999) . However, when NH 3 concentration falls, the higher-affinity NADP-GDH (K m (NH 3 ) of 2-3 mmol/l) may increase (Chalupa et al., 1970; Erfle et al., 1977; Wallace, 1979; Lenartova et al., 1987) and, under NH 3 -limiting conditions which probably seldom prevail in vivo, GS can also increase significantly (Erfle et al., 1977) . In contrast, at unusually high NH 3 concentrations, there are indications that the first AA to become labelled is alanine (Wallace, 1979; Blake et al., 1983) , suggesting that alanine dehydrogenase (K m (NH 3 ) of 70 mmol/l; Wallace, 1979) may act as an assimilatory enzyme.
Pure-culture studies carried out more recently call into question certain assumptions about NH 3 -assimilatory mechanisms. The purified NADP-GDH from the cellulolytic ruminal bacterium, R. flavefaciens, required 0.5 mol/l KCl for optimal activity (Duncan et al., 1992) . A similar ionic requirement was observed with the NAD(P)-GDH of P. bryantii (Wen and Morrison, 1997) , reflecting the slightly halophilic conditions experienced by ruminal bacteria. Therefore, previous enzyme measurements where [K þ ] were not high may have to be revised. Furthermore, in P. bryantii and P. ruminicola, both NAD-and NADP-linked activities were present in a single protein, and the activities with both cofactors were co-regulated in P. bryantii, indicating a link between the activities, at least in some Prevotella spp., in accord with human intestinal Bacteroideaceae (Wen and Morrison, 1997) . Wen and Morrison (1997) suggested that, by analogy with Bacteroides spp., glutamine synthetase activities play a much smaller role in regulating N metabolism in ruminal Prevotella than in the better characterized enteric bacteria. Thus, modern molecular studies must be continued, along with flux and activity measurements, in order to amplify our understanding of NH 3 uptake by ruminal bacteria.
In rumen ciliate protozoa, an NAD þ -dependent glutamate dehydrogenase (GDH; E.C. 1.4.1.24) was cloned from the rumen ciliate Entodinium caudatum (Newbold et al., 2000b) . When expressed in E. coli, the enzyme had a high affinity for NH 3 and a-ketoglutarate (apparent K m 2.33 and 0.71 mmol/l, respectively) and a low affinity for glutamate (apparent K m 98 mmol/l). In addition, washed E. caudatum cells incubated in the presence of NH 3 and antibiotics had higher GDH activities and increased levels of GDH mRNA. These results suggest that the enzyme may be involved in the assimilation of NH 3 in the rumen. In fungi, the mechanisms of uptake of NH 3 appear to be NADP-linked GDH and GS, as other enzymes were not present (Dijkerman et al., 1997) . These activities increased in response to N limitation (Dijkerman et al., 1997) .
Once assimilated into glutamate and possibly alanine, the N from NH 3 then becomes rapidly distributed to other AA via aminotransferase activities. As well as the best known glutamateoxaloacetate and glutamate-pyruvate aminotransferases widespread in bacteria, other aminotransferases are abundant in the rumen (Tsubota and Hoshino, 1969; Bhatia et al., 1979 Bhatia et al., , 1980 . Most recently, the glutamate-phenylpyruvate aminotransferase of Prevotella spp. has been purified and characterized (Amin et al., 2001 (Amin et al., , 2002 because of its significance in the formation of phenylalanine. To date, little or no information is available on molecular structure or genetic regulation of these vital enzymes in ruminal bacterial AA metabolism. Protozoa may also be particularly significant, because they have a higher aminotransferase activity than ruminal bacteria (Bhatia et al., 1979) . A strain of Piromyces had no apparent glutamate-pyruvate aminotransferase activity, although it did possess glutamate-oxaloacetate aminotransferase (Dijkerman et al., 1997) .
Amino acid synthesis by ruminal microorganisms
The mechanisms by which bacterial AA Cskeletons are synthesized have been fairly well understood for some time, but only up to a point, because detailed analysis at the molecular/genetic level is lacking. In contrast, the extent to which individual AA are actually synthesized de novo in the rumen and how various factors affect de novo synthesis has received renewed attention. This discussion will combine these considerations in dealing separately with the different classes of AA.
THE GLUTAMATE FAMILY. The glutamate family of AA comprises glutamine, proline and arginine as well as glutamate itself. In order for NH 3 to be assimilated by GDH, there has to be supply of aoxoglutarate. This appears to be formed either by operation of the Krebs cycle reactions in the forward direction or by reductive carboxylation of succinic acid (Milligan, 1970; Sauer et al., 1975) . The importance of the different synthetic routes seems to vary, presumably because different individual species of bacteria employ different mechanisms for a-oxoglutarate synthesis (Wallace et al., 1997b) ; it should be recalled that the tricarboxylic acid (TCA) cycle is not operational in anaerobic bacteria (Sauer et al., 1975) . M. elsdenii forms a-oxoglutarate by that portion of the TCA cycle enzymes working in the forward direction (Somerville and Peel, 1967; Somerville, 1968) , while Selenomonas, Veillonella and Prevotella spp. form a-oxoglutarate by the reductive carboxylation of succinate. The C-skeleton of glutamate incorporated into microbial protein is derived slightly more from exogenous AA than C-skeletons of asparate and alanine (Atasoglu et al., 2003) , presumably reflecting the greater availability of oxaloacetate and pyruvate, respectively, compared to aoxoglutarate, as intermediary metabolites. Oxaloacetate is formed readily by the carboxylation of pyruvate (Atwal and Sauer, 1974) . Nevertheless, the majority of glutamate is extensively synthesized from a-oxoglutarate in the mixed population. Glutamine is formed from glutamate by glutamine synthetase, as has already been discussed. Proline and arginine seem to be anomalous AA in comparison with AA in other families, in the sense that their de novo synthesis is depressed in some studies to an unusual extent when pre-formed AA are available. Salter et al. (1979) found that, in steers receiving a straw and tapiocabased diet, most (>50%) proline-N was received from the pre-formed AA, whereas only about 20% of glutamate-N was derived from exogenous glutamate. Similarly, with sheep on a 50% grass hay, 50% concentrate diet, Atasoglu et al. (1999) found less than half of glutamate-N but >95% of proline-N to be derived from exogenous AA. Under these circumstances, therefore, the conversion of glutamate, via glutamyl phosphate, g-glutamyl phosphate, glutamate g-semialdehyde and D 1 -pyrroline 5-carboxylate may be downregulated in order to save ATP expended during proline synthesis. A similar pattern was observed in noncellulolytic bacteria (P. bryantii, S. ruminantium and S. bovis (Atasoglu et al., 1998) ), but not in cellulolytic bacteria (Atasoglu et al., 2001) or fungi (Atasoglu and , suggesting that diet-induced population changes may influence the extent of de novo AA synthesis, particularly for proline. Less information is available about arginine, but arginine-N also seemed to be derived mainly from pre-formed arginine when the other AA (except proline) were formed mainly from NH 3 (Salter et al., 1979) . Again, downregulating the pathway of arginine synthesis may save energy and also spare the depletion of a-oxoglutarate.
THE ASPARTATE FAMILY. This family comprises aspartate, asparagine, lysine, threonine and methionine. More microbial aspartate than any other AA is synthesized de novo, both in terms of its utilization of NH 3 and its use of intrinsic Cskeletons (Salter et al., 1979; Atasoglu et al., 2003) . The biosynthesis of asparagine does not appear to have been investigated -the amide group is lost during the acid hydrolysis of protein usually used to prepare free AA for analysis, so asparagine is not usually measured -but presumably it is synthesized readily by asparagine synthase. Lysine is an AA that has stimulated interest, because it is often a limiting AA in the host animal (Schwab, 1995) . It is formed predominantly by the diaminopimelate pathway in the mixed population (Sauer et al., 1975) . Ciliate protozoa form lysine from diaminopimelate in the cell walls of the bacteria which they consume (Onodera and Kandatsu, 1973) , although the quantitative significance of this mechanism of synthesis to the nutrition of the host animal is likely to be minor . When lysine was available exogenously, the mixed population incorporated it intact in preference to de novo synthesis: no de novo synthesis of the C-skeleton took place (Atasoglu et al., 2003) . Protozoal protein is particularly enriched in lysine, in comparison to bacterial protein, indicating that increasing the flux of protozoa out of the rumen may be beneficial in providing lysine to the animal (Wallace, 1994) . Threonine is usually formed in bacteria directly from aspartate via homoserine (Umbarger, 1969; Patte, 1996) . However, the experiments of Sauer et al. (1975) and Atasoglu et al. (2003) indicate that a substantial proportion of the C-skeleton of threonine is derived from other routes, perhaps by reductive carboxylation of propionate to aoxobutyrate and reversal of threonine dehydratase. Isoleucine is formed from aoxobutyrate in ruminal microorganisms as in other organisms, but the source of the aoxobutyrate is thought to be from the reductive carboxylation of propionate, which is abundant in ruminal digesta, rather than threonine dehydratase (Sauer et al., 1975) , rather than from aspartate as is the case in other organisms. The labelling pattern of different C atoms in the isoleucine molecule indicated that the C-skeleton was subject to several rearrangements before incorporation into microbial protein (Atasoglu et al., 2003) . Methionine is also essential for the host animal, and may be the AA most limiting growth or productivity under some dietary conditions and for some purposes, e.g. wool growth (Reis et al., 1990) . Labelling experiments suggested that methionine was formed via aspartic semialdehyde and that CO 2 was the likely origin of the sulphhydryl methyl group (Sauer et al., 1975) .
THE SERINE FAMILY. The serine family consists of serine itself, plus glycine and cysteine. Serine is derived from the glycolytic intermediate, 3-phosphoglycerate, via 3-phosphohydroxypyruvate and 3-phosphoserine (Somerville, 1968; Sauer et al., 1975) . Serine is then formed by the exchange of a hydroxymethyl group with tetrahydrofolate, and cysteine by the uptake of hydrogen sulphide (H 2 S) in exchange for water (H 2 O).
THE AROMATIC FAMILY. Tyrosine, phenylalanine and tryptophan can be formed de novo from erythrose-4-phosphate and phosphoenolpyruvate via the chorismate acid pathway. However, most synthesis seems to occur by the reductive carboxylation of phenolic ring precursors followed by transamination (Allison, 1969; Sauer et al., 1975; Atasoglu et al., 2003) . Thus, phenylacetic and phenylpropionic acids are important nutrients for R. albus (Allison, 1965; Hungate and Stack, 1982; Stack and Cotta, 1986 ) and bacteria of the mixed population (Amin and Onodera, 1997). Tryptophan metabolism is often not studied because it is destroyed during the acid hydrolysis of proteins. However, there is good evidence that tryptophan is formed from indole-3-acetic acid and other indole precursors (Allison and Robinson, 1967; Okuuchi et al., 1993) . Presumably, de novo synthesis occurs via the chorismate-anthranilate pathway followed by the addition of phosphoribosylpyrophosphate (Umbarger, 1969) .
THE PYRUVATE FAMILY. Alanine is formed from pyruvate by transamination. Pyruvate is also the precursor of valine and leucine. Valine and leucine are formed partly via the addition of a C-2 unit to pyruvate to form acetolactate, followed by a chain of reactions which branches at 1-oxo-2-methybutyrate to valine (by transamination) and eventually to leucine by the addition of acetylCoA. Labelling patterns also suggest substantial synthesis of valine and particularly leucine by reduction carboxylation of isobutyrate and isovalerate, respectively (Sauer et al., 1975; Atasoglu et al., 2003) .
HISTIDINE. The usual pathway for histidine biosynthesis is closely aligned to the biosynthesis of the purines. Both are derived from phosphoribosylpyrophosphate and ATP. While little direct information is available about the formation of histidine in ruminal microorganisms, the limited amount of labelling information from Sauer et al. (1975) is consistent with this route of histidine formation.
Optimum amino acids for rumen fermentation: benefit vs. requirement
Although NH 3 can provide all microbial cell N requirements, peptides and AA are undoubtedly beneficial to rumen fermentation because they stimulate the growth of ruminal microorganisms (Hume, 1970; Amos and Evans, 1976; Ben-Ghedalia et al., 1978; Cotta and Russell, 1982; Rooke and Armstrong, 1989; Merry et al., 1990; Cruz Soto et al., 1994; Chikunya et al., 1996) . The benefit obtained by supplying AA could occur via one of the two mechanisms: the fermentation rate of the microorganisms may be increased, leading to improved feed intake in the animal; alternatively, or perhaps additionally, the growth yield of the microorganisms might be increased, leading to a decreased flow of microbial protein from the rumen. The Cornell model for ruminal fermentation assumes a 18.7% improvement in microbial growth efficiency when pre-formed AA are used by non-cellulolytic bacteria . Presumably the yield benefit occurs because less ATP is required for AA biosynthesis. No increase is projected for cellulolytic species, but in view of the finding that these bacteria, hitherto assumed not to incorporate AA, take up significant amounts of AA (Atasoglu et al., 2001) , the benefit may occur in cellulolytic as well as noncellulolytic bacteria. It has proved difficult to identify specific AA or groups of AA that are responsible for the benefits measured with a complete mixture. The intention here would be to find a minimal mixture of AA that might be used as a feed additive to stimulate ruminal fermentation. and Argyle and Baldwin (1989) added single or groups of AA to ruminal fermentations in vitro. They found that only complete mixtures of AA gave maximum responses. Certain groups, such as aromatic AA, gave intermediate responses. However, no specific AA were identified by this supplementation approach. Labelling methods have also been inconclusive. Salter et al. (1979) showed that different AA are formed de novo to differing extents. Proline biosynthesis was affected particularly strongly when protein was added. Similar in vitro experiments by Atasoglu et al. (1999) confirmed the unusual sensitivity of proline biosynthesis to the provision of preformed AA, and identified glycine, valine and threonine as other AA whose biosynthesis was most sensitive to repression by added AA. Supplementation with these AA failed to replicate the stimulatory effects of a complete mixture of AA, however. The complementary approach, that of deleting individual AA from a complete mixture and observing the effects on fermentation, proved equally inconclusive (Atasoglu et al., 2003a) . Deletion of some AA, principally phenylalanine, leucine and serine, had some effect on fermentation rate and/or microbial growth efficiency, but selective supplementation using these AA was not effective in replicating the stimulation given by the complete mixture. It must be concluded, therefore, that the benefits of protein to rumen fermentation result from the cumulative effects of more efficient incorporation or biosynthesis of all AA -either energetically or kinetically -rather than specific requirements of certain AA by specific bacteria.
Role of protozoa in nitrogen metabolism in the rumen
The rumen contains a large (ca. 10 6 =ml) and varied population of ciliated protozoa, which may make up over 50% of the microbial biomass. The ruminal protozoa are believed to play a relatively minor role in the direct breakdown of dietary protein (Section 3.2.1; Nugent and Mangan, 1981 ; and also Chapter 4) although they may be more important in the breakdown of insoluble particulate proteins compared to soluble substrates, in particular as noted below protozoa have a unique role in the engulfment and digestion of bacterial and fungal cells.
Protein breakdown
A number of authors have measured protein breakdown by washed protozoal populations both from the rumen and from in vitro incubations (Abou Akkada and Howard, 1962; Coleman, 1983; Jouany et al., 1992) . However, such preparations inevitably contain bacteria both as endo-and exosymbionts but also within digestive vacuoles, which complicates measurements of protozoal activity (Williams and Coleman, 1992) . Pre-incubation with antibiotics can help decrease bacterial activity but may also lead to atypical ciliate activity (Coleman, 1962) . Nevertheless, it is clear that both entodiniomorphid and holotrich protozoa are actively proteolytic. Indeed, we have recently cloned and expressed proteinase genes from the rumen ciliate E. caudatum (Newbold et al., unpublished) . Measuring hydrolysis of fraction 1 leaf protein by entodiniomorphid protozoa, Coleman (1983) concluded that proteolytic activity was highest in E. caudatum and E. simplex and lowest in cellulolytic species. However, it appears likely that proteolytic activity is proportional to protein solubility (Naga and El-Shazly, 1968) , with entodiniomorphid protozoa contributing to the degradation of insoluble but not of soluble proteins in the rumen (Hino and Russell, 1987) . As noted below, the most important example of particulate protein breakdown by protozoa is the engulfment and digestion of bacteria, but rumen protozoa also avidly engulf and subsequently digest chloroplasts (Mangan and West, 1977) . In contrast to entodiniomorphid protozoa which feed primarily by engulfment, the holotrich protozoa are believed to be able to utilize both particulate and soluble proteins (Onodera and Kandatsu, 1970) . It has also been suggested that they may be able to coagulate soluble proteins in the rumen thus making them available to entodiniomorphid ciliates (Onodera, 1990; Onodera and Yakiyama, 1990) . Proteolytic enzymes from lysates of mixed rumen protozoa had a pH optimum of 5.8 and appeared to be mainly cysteine and to a lesser extent aspartic proteinases (Forsberg et al., 1984) . Coleman (1983) also found cysteine proteases to be the predominant activity in washed E. caudatum but here the pH optimum appeared to be below 4, although Abou Akkada and Howard (1962), working with apparently the same ciliate, reported maximal breakdown of casein at pH 6.5-7.0. Lockwood et al. (1988) reported that optimal activities in six different genera of rumen protozoa occurred between pH 4 and 5 and although they were predominantly cysteine proteinases, gelatin-SDS-PAGE analysis revealed multiple forms of proteinase within each ciliate and substantial differences between species (Lockwood et al., 1988) . Given the apparent diversity in 18S rDNA diversity and codon usage even in apparently morphologically identical rumen ciliates, it is perhaps not useful to make multiple comparisons between historical studies in which ciliates have been identified solely on morphological characteristics (Moon-van der Staay et al., 2002; McEwan et al., 2003) .
An alternative to measuring protein degradation by washed suspensions of rumen protozoa has been the incubation of protein substrates in the rumen of faunated and defaunated animals. The use of such studies to comment on ciliate activities is obviously compromised by the changes in the bacterial population in response to defaunation (Williams and Coleman, 1992) . Based on such an approach, Ushida and Jouany (1985) concluded that degradation of the insoluble protein from soybean meal increased by 11% when a mixed A-type protozoal population was inoculated into the rumen, which concurred with in vitro studies suggesting that the importance of protozoa decreased as protein solubility increased ( Jouany, 1996) . In contrast to in vitro studies, however, nylon bag studies suggested that larger protozoa were more important than small protozoa in the digestion of insoluble proteins Jouany, 1985, 1986) . Measurements of non-bacterial non-ammonia nitrogen (NBNAN) flow at the duodenum of defaunated sheep and sheep sequentially reinoculated with holotrichs, large entodiniomorphid protozoa and small entodinia apparently suggested that ciliates increased the flow of dietary protein from the rumen (Ivan et al., 2000a,b) , presumably due to protozoal predation of proteolytic bacteria. Again it was suggested that large entodiniomorphid protozoa had a larger negative effect on NBNAN flow than small entodinia or holotrich protozoa (Ivan et al., 2000a,b) .
Peptide breakdown
Protozoa have been shown to contain a range of peptidase-like activities, which appear to be predominantly exopeptidase in nature (Abou Akkada and Howard, 1962; Nagasawa et al., 1992) . As with ruminal bacteria, they appear to be metallopeptidases (Abou Akkada and Howard, 1962; , although protozoal peptidase activity was markedly less sensitive to 1,10-phenanthroline than mixed ruminal bacteria, possibly due to difficulties in separating protozoa from plant debris which may have bound free 1,10-phenanthroline . Peptidase activity was higher in the small entodinia than in holotrich or larger entodiniomorphid protozoa (Newbold et al., 1989) but in all cases decreased as the peptide chain length decreased. Thus, while ciliate protozoa may contribute significantly to dipeptidase activity in the rumen, they are likely to be less important as peptide length increases (Wallace et al., 1990c) . Even with dipeptide breakdown, it is not obvious that removal of protozoa from the rumen would spare peptides from degradation as the resultant increased bacterial population appears to be able to occupy the same metabolic niches and overall dipeptide breakdown is not affected .
Amino acid breakdown
Both passive and active uptake of AA have been reported in ruminal protozoa (Williams and Coleman, 1992) . Active uptake can be sensitive to both pH and salt concentrations in the rumen (Williams and Coleman, 1992) . Rates of AA deamination were approximately three times higher in washed protozoa than in bacteria (Hino and Russell, 1987) and deaminase activities were higher in rumen fluid of faunated sheep compared to their defaunated compatriots. Ciliates deaminate a relatively small number of AA, with NH 3 being produced from glutamine, asparagine, citrulline, arginine and orthithine but not glutamate, asparate or histidine (Onodera et al., 1983; Onodera and Goto, 1990) and it has been suggested that much of the NH 3 production when ciliates are incubated with casein results from hydrolysis of amide groups rather than AA deamination (Abou Akkada and Howard, 1962) . Various AA interconversions have been reported in protozoa (Williams and Coleman, 1992) , although apparently there is no interconversion of AA in E. caudatum (Coleman, 1967) . AA are formed from and metabolized to a variety of other compounds in the ruminal protozoa, of which perhaps the most important is the formation of lysine from diaminopimelic acid in bacterial cell walls (Denholm and Ling, 1989; Onodera et al., 1991) .
Breakdown of bacteria
Although degradation of feed protein is one of the most obviously deleterious catabolic activities in the rumen, up to 50% of the bacterial protein formed in the rumen also may be broken down subsequently to NH 3 and thus is not available to the host (Nolan and Stachiw, 1979) . This could be due to autolysis of the bacteria or lysis of the bacteria by bacteriophages or mycoplasmas. However, in vitro studies suggest that the engulfment and subsequent digestion of bacteria by ciliate protozoa is the most important activity regulating the turnover of bacterial protein in the rumen (Wallace and McPherson, 1987) . Recently, we have measured the recycling of N within the rumen and in the animal (Koenig et al., 2000; Newbold et al., 2000a) . As in previous experiments, approximately 50% of the microbial protein formed in the rumen was recycled therein, with considerable recycling via the blood (Table 3 .1). Recycling dropped sharply in the absence of protozoa, although the extent of this decrease varied from 100% to 25%, suggesting that diet may have a major effect on activity of the protozoa. Consistent with the decline in intraruminal recycling, the flow of microbial protein from the rumen increased by between 35% and 50%. Bacterial breakdown by protozoa has been studied extensively in vitro ( Williams and Coleman, 1992) . The susceptibility of ruminal bacteria to breakdown by ciliate protozoa differs both between and within bacterial species (Wallace and McPherson, 1987; Williams and Coleman, 1992) . Of the ciliates studied, only E. caudatum is apparently not selective in terms of which bacteria it ingests and digests (Coleman, 1964) , with other ciliates showing selective uptake of different ruminal bacteria (Newbold and Jouany, 1997) . Coleman and Hall (1972) observed that the cell wall peptidoglycan of bacteria ingested by protozoa is rapidly degraded, leaving only fragments of plasma membrane visible (Coleman and Hall, 1972) . Ling (1990) argued elegantly that bacterial cell walls must represent the primary barrier to breakdown of bacteria within the protozoa. Recently, we and others have attempted to characterize and clone the bacterial cell wall-degrading enzymes from ruminal protozoa in the hope of gaining further insight into bacterial breakdown by the protozoa (Morgavi et al., 1996; Newbold et al., 1999; Eschenlauer et al., 2000) . In addition to engulfment and degradation of bacteria, ruminal protozoa also ingest and digest ruminal fungi. Again, studies are ongoing to characterize chitinase-like activities from rumen protozoa (Newbold and Hillman, 1990; Morgavi et al., 1994; Komatani et al., 2000) . Wallace and McPherson (1987) concluded that small entodinia were responsible for most bacterial breakdown in vitro, and this has recently been confirmed in vivo by Ivan et al. (2000a,b) , who concluded that Entodinium had the most detrimental effect on duodenal N supply in a series of experiments in which ciliate-free sheep were refaunated with different ciliates (Fig. 3.3) .
Recently, we have shown that, in addition to the breakdown of ruminal bacteria, protozoa may also be important in controlling the passage of 
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pathogens through the rumen, including E. coli 0157 and Listeria. Indeed, passage of Listeria from the rumen was threefold higher in defaunated compared to faunated sheep (Shepherd et al., 2000; McIntosh et al., 2002) . However, as with their digestion of ruminal bacteria, it is apparent that not all protozoa degrade pathogens at the same rate and it may be possible to manipulate the composition of the protozoal population to retain the pathogen barrier whilst limiting bacterial protein breakdown .
Control of ruminal protozoa
As noted earlier, defaunation or even partial defaunation slows the nutritionally wasteful cycle of bacterial protein breakdown and resynthesis. In a recent meta-analysis on the effects of defaunation, Eugène et al. (2003) concluded that defaunation stimulated duodenal N flow by over 30% and presumably as a result average daily gain increased by almost 9% and wool growth, which is more sensitive to microbial protein supply, by almost 15%. However, while many antiprotozoal agents have been tried experimentally (Williams and Coleman, 1992) , none has passed into routine use because of toxicity problems, either to the rest of the rumen microbial population or to the host animal. Recently, there has been an increased interest in plant secondary metabolites and immunization for use as possible defaunating strategies (see Sections 3.3.1.6 and 3.3.2 and Chapter 4).
Role of rumen anaerobic fungi
Anaerobic fungi are an important component of the ruminal microflora. Research interest has focused primarily on their unique attributes in breaking down fibrous plant materials -they appear to invade tissue in a physical manner and they have exceptionally active cellulolytic enzymes (Orpin and Joblin, 1997; Lee et al., 2000) . They also have a role in N metabolism. Reference has already been made throughout this chapter where fungi have an involvement in N metabolism. In terms of protein breakdown, most studies suggest that the fungi possess proteolytic activity, although the activity may have minor consequences as a part of the activity of the whole microbial population. Wallace and Joblin (1985) , Asao et al. (1993) and Yanke et al. (1993) found a high metalloprotease activity to be present in fungal cultures. As this is a minority activity in the mixed rumen population (Brock et al., 1982; Kopecny and Wallace 1982) , and because under some conditions proteolysis may not be present (Michel et al., 1993) , the fungi probably play a relatively minor role in proteolysis overall. There may, however, be specific circumstances, such as the breakdown of a resistant protein-carbohydrate matrix (Yanke et al., 1993) , where the proteolytic activity of the fungi is significant. None of the main species of cellulolytic ruminal bacteria is significantly proteolytic. The fungi possess aminopeptidase activity (Michel et al., 1993) , but its significance is unknown, either to the mixed population or to the fungi themselves.
In terms of biosynthesis, NH 3 alone as N source supports growth, but AA mixtures are stimulatory (Lowe et al., 1985; Orpin and Greenwood, 1986; Theodorou et al., 1994) ; 59% of AA-N was still formed de novo when peptides and AA were present (Atasoglu and . Lysine was exceptional, in that its synthesis decreased much more than other AA when Trypticase or AA were added to the medium, suggesting that lysine synthesis might limit fungal growth in the rumen.
Strategies for Influencing N Metabolism
3.3.1 Effects of diet, feed additives, including ionophores, antimicrobials and natural plant compounds
Influence of diet
Dietary factors can have a significant effect upon the rate of protein breakdown, with dry forage diets leading to low rates of proteolysis. In some instances, simply by feeding a fresh herbage diet instead of dry rations, proteolysis can be increased. This is thought to occur due to an increase in the soluble protein, leading to a shift in the microbial population and a consequent enrichment of proteolytic organisms (Hazlewood et al., 1983; Nugent et al., 1983) . Another hypothesis has suggested that this increase in proteolytic activity can be attributed to intrinsic plant proteases, which are released upon grazing and contribute towards the initial stages of proteolysis of grazed forage (Section 3.2.1.5). Feeding cereal diets instead of dry forage rations also leads to a stimulation of proteolysis, again, either due to a difference in the microbial population, with a shift towards an enrichment of proteolytic organisms which tend to also be starch degraders (Stewart et al., 1997; Griswold et al., 1999a) or due to cooperation and synergy between proteolytic and amylolytic organisms, leading to their subsequent enrichment (Moharrery and Das, 2001) . The feeding of legumes that are high in condensed tannins can decrease protein degradation, either by altering the structure of the forage protein or by inhibiting the microbial proteinases (McSweeney et al., 2001) . In addition to diet composition, temporal factors can also have an effect upon proteolysis and fermentation. Frequency of feeding can lead to an increase in proteolysis, because the total flow of soluble protein and NH 3 as well as peptides is increased upon the number of times an animal is fed (Chen et al., 1987a) . It has also been suggested that the synchronous supply of energy and AA-N may improve the fermentation process (Sinclair et al., 1995; Chapter 4) . However, fermenter studies designed to prove this have remained relatively inconclusive (Russi et al., 2002) , although peptides did have a small stimulatory effect upon the fermentation process.
One thing that is clear, however, is that in addition to a variation of proteolytic activity due to diet, a high degree of animal to animal variation can be observed (Falconer and Wallace, 1998; Wallace et al., 2000a) , a fact which must be accounted for whilst conducting feeding trials.
Influence of protein structure and chemical composition
The secondary and tertiary structures of a protein can have an effect upon its rate of degradation. For a long time it was thought that protein breakdown in the rumen was proportional to its solubility, however this has since been revised and other factors must be taken into consideration (Wallace et al., 1997b) . The proteins of some plants can be afforded some natural protection by being located in a polysaccharide matrix, rendering them inaccessible to proteolytic organisms (Debroas and Blanchart, 1993) . Cross-linking the protein with artificial disulphide or other bridges can lead to improved resistance to proteolytic attack (Wallace, 1983; Williams et al., 2002) . Other chemical treatments, which affect protein structure and solubility, have also proved to be useful protection mechanisms. Heat can affect the tertiary structure and solubility of the protein, as can formaldehyde treatment (Kaufmann and Lüpping, 1982) . As mentioned previously, tannins can affect the protein structure, leading to a decrease in its degradation. The protein can also be protected by coating it in an undegradable shell of either blood (Ørskov et al., 1980) or heated sugar-protein mixture (Wallace and Falconer, 1992) . Many other protection methods, both for protein and AA, have been investigated (Ferguson, 1975) . Recently, plant breeders have investigated the possibility of engineering plants which have proteins that are high in essential AA, but that are resistant to rumen microbial degradation whilst remaining nutritionally available to the animal (Hancock et al., 1994) , thus improving N availability to the host animal. Generally, these proteins have a large number of artificial disulphide bridges with a complex quaternary structure (Williams et al., 2002) . However, it should be noted that the stability against proteolytic attack of a given protein, once expressed in a transgenic plant, cannot be guaranteed, as it must be expressed and folded correctly to ensure that the correct quaternary structure is formed (Guenoune et al., 2002) .
In addition to improving N retention in the rumen by making the protein more resistant to degradation, some studies have focused on the next step in the proteolytic cascade. By either formulating methods to make peptides more resistant to degradation by rumen microbes, or targeting the organisms that are involved, the flow of N from the rumen to the small intestine can also be increased. Most peptides are broken down rapidly in ruminal contents. A pattern emerges by studying the breakdown of individual peptides (Table 3. 2; Wallace et al., 1990a Wallace et al., ,c, 1993a Yang and Russell, 1992) that: (i) peptides with a Gly or Pro residue at or next to the N-terminal site are generally more resistant to degradation than others; (ii) acidic peptides are more resistant to degradation than basic peptides; and (iii) peptides blocked at the N-terminus are degraded slowly (see Section 3.3.1.2). The idea that hydrophobic peptides are more resistant to degradation than others (Chen et al., 1987a) has not been sustained in subsequent studies (Wallace et al., 1990a (Wallace et al., ,c, 1993a Williams and Cockburn, 1991; Depardon et al., 1996; Debroas et al., 1998) . Some peptides escape degradation in the rumen for a long period, but the quantity which escapes differs according to the analysis used (Chen et al., 1987b; Wallace and McKain, 1990) . N-terminal modification of peptides by acetylation may protect them from degradation (Wallace et al., 1993b) and it has been shown that the microbial population is unable to adapt to use acetylated peptides . Although these acetylated peptides are resistant to microbial degradation they are still nutritionally available to the animal further down the intestinal tract . The method might be suitable for upgrading protein sources that have been partially degraded, such as byproducts of fish or soya processing.
Influence of ionophores
Ionophores are compounds which catalyse the translocation of ions across membranes. The mode of action of ionophores and their effects on ruminal microorganisms were described in detail by Nagaraja et al. (1997) . As far as we understand their action, if an ionophore reaches the lipid bilayer of a membrane, it will enable certain ions to be translocated across the membrane. The specificity of the ion(s) translocated varies with different ionophores. For example, nigericin catalyses the exchange of Na þ and H þ across membranes, while valinomycin catalyses K þ =H þ exchange. A group of ionophores, but by no means all ionophores, have been found to benefit rumen fermentation, to improve ruminant nutrition, and to influence the composition of the rumen microflora. These include monensin (Na
. Thus, there is no common ionic mechanism linking the ionophores which are useful in the rumen. The antimicrobial profile of the members of this group is common, however, in that Gram-positive bacteria are more sensitive and Gram-negative bacteria are less sensitive to the entire group. This suggests that it is the relative permeability of the bacterial cell envelopeGram-negative bacteria have an outer membrane as well as the cytoplasmic membrane -that explains the selectivity of these ionophores against ruminal bacteria. Rumen ciliate protozoa are transiently sensitive to ionophores when they are introduced into the diet, but subsequently numbers recover, suggesting that the protozoa develop a mechanism for protecting themselves against the toxic effects of ionophores (Dennis et al., 1986) . Rumen anaerobic fungi are also sensitive to ionophores in vitro (Stewart and Richardson, 1989) , and probably also in vivo.
Many benefits have been attributed to dietary ionophores in ruminants, among which improving the efficiency of N retention is an important one. The initial step of proteolysis is carried out by so many organisms that, not surprisingly, ionophores do not appear to be effective in controlling this step . Earlier conclusions et al. (1990a,c) .
that proteolysis was inhibited (Van Nevel and Demeyer, 1977) were misleading because the assay reflected the effect on the whole degradation sequence. Peptide breakdown is decreased in an adaptive fashion, both in ruminal fluid and in pure cultures of Prevotella spp. Peptides accumulate in adapted ruminal fluid in the presence of ionophores (Whetstone et al., 1981; Wallace et al., 1990b; Chen and Russell, 1991) . In pure culture, the peptidolytic Prevotella spp. adapt in the presence of ionophores to decrease the permeability of their cell envelope (Newbold et al., 1992; Callaway and Russell, 1999) , which simultaneously protects them against the ionophores and decreases the rate of entry of peptides into the cell. The greatest effect on the proteolytic sequence is thought to be at the final step, that of deamination of AA. The HAP bacteria are typically sensitive to monensin, as described in Section 3.2.1.4, and their numbers are generally decreased in animals receiving monensin (Krause and Russell, 1996) .
Influence of antibiotics
Several antibiotics are, or have been, used in ruminant nutrition, as reviewed by Nagaraja et al. (1997) . Many of the antibiotics decrease the degradation of amino-N, leading to an improved outflow of dietary protein from the rumen (Broderick and Balthrop, 1979; Van Nevel and Demeyer, 1990) . The most successful antibiotics have a spectrum of activity against different bacterial species, which is very similar to the ionophores, so one would speculate that their mode of action on N metabolism would be similar to the ionophores. Avoparcin, for example, has a similar antibacterial spectrum to monensin, affecting mainly Gram-positive bacteria (Stewart et al., 1983) , and also decreases the deamination of AA in ruminal fluid (Froetschel et al., 1983; Jouany and Thivend, 1986) . The same is true of virginiamycin (Nagaraja et al., 1997) . Virginiamycin and flavomycin may have another protein-sparing effect, via the suppression of Fusobacterium necrophorum (Nagaraja et al., 1997) . F. necrophorum is well known to be the pathogen causing liver abscesses in cattle (Tan et al., 1994) . The bacterium is derived from the rumen, where it invades ruminal wall tissue.
Recently it was found that F. necrophorum is among the most sensitive of all ruminal bacteria to flavomycin . This observation seems to be consistent with a protein-sparing effect in the tissues (MacRae et al., 1999) .
Other chemicals
Many chemicals have been investigated for their effects on ruminal fermentation (Chalupa, 1980) . Some of these have been investigated for their influence on protein metabolism. The chemicals, which inhibit ruminal proteolysis, are all standard proteinase inhibitors and could not be considered to be feed additives (Nagaraja et al., 1997) . In any case, the variability in proteinase activity in the mixed population, mentioned earlier (Section 3.2.1.1), would preclude such control. The regulation of peptidase activity by chemical means may prove to be more straightforward than proteolysis, because of the relative importance of Prevotella spp. in peptide breakdown (Section 3.2.1.2). Inhibitors of DPP activity have been developed, mainly peptide analogues but also benserazide, which inhibit peptidase activity in Prevotella, decrease the rate of NH 3 formation in ruminal digesta, yet do not appear to be selectively bacteriocidal (Wang et al., 2003) . Whether the population adapts around these inhibitors to return to the same rate of peptide hydrolysis as before remains to be seen. The breakdown of dipeptides to AA is highly sensitive to metal chelators; however, as with proteolysis, none of these appeared to be a candidate as a feed additive .
Amino acid deamination has proved most readily inhibited of all the steps of protein catabolism to NH 3 . Once again, severe chemical inhibitors that could not be considered to be potential feed additives have been used (Broderick and Balthrop, 1979) . Others seem to have much more potential. Diaryl iodonium compounds, in particular diphenyliodonium chloride (DIC), were investigated for their ability to decrease NH 3 formation by mixed ruminal microorganisms (Chalupa, 1980; Chalupa et al., 1983) . Another unrelated compound, an analogue of proline with the systematic name 1-[(E)-2-(2-methyl -4 -nitrophenyl)diaz-1-enyl ]pyrrolidine-2-carboxylic acid and coded LY29, also decreased the rate of NH 3 formation (Floret et al., 1999) . The mode of action of DIC and LY29 appeared to be different, however. LY29 was selectively toxic to HAP bacteria, while DIC had no discernible antimicrobial effects (Floret et al., 1999) . In an environmental climate where selective antimicrobial effects have connotations with antibiotic resistance, even when ill founded, DIC would appear to be a better prospect for development than LY29. It is notable that there seems to be a strong connection between inhibitors of methanogenesis and inhibitors of AA deamination. Amichloral, developed as an inhibitor of methane formation, also improved N retention ( Johnson, 1974) , most likely by inhibiting AA deamination (Chalupa, 1980) . Conversely, the dimethyl derivative of DIC also inhibited methanogenesis (Van Nevel and Demeyer, 1992) . The connection is that hydrogen accumulation affects the availability of NAD þ , which is required for the deamination of some AA (Russell and Martin, 1984; Hino and Russell, 1985) .
Fats are natural materials that have many effects on ruminal fermentation. Under some circumstances, they inhibit proteolysis (Nagaraja et al., 1997) . The main effect is probably against ciliate protozoa, which may cause inhibition of the breakdown of particulate protein (Broudiscou et al., 1990a,b; Chapter 4) . The main effect is that, once protozoal predation is removed, microbial growth efficiency increases (Section 3.2.5; reviewed by Nagaraja et al., 1997) . Care must be taken to use the correct dose and form of fat, as fats can be very toxic to the overall fermentation (Kowalcyk et al., 1977; Igwuegbu and Sutton, 1982) .
Inhibition of ruminal urease activity has been an objective of research for many years. Chemical inhibition has been attempted. Most recently, Ludden et al. (2000a) established that N-(n-butyl) thiophosphoric triamide was an effective inhibitor in short-term in vitro incubations. However, as often happens with chemical inhibition, the population adapted to be less sensitive to the inhibitor, such that no inhibition was observed 15 days into a trial (Ludden et al., 2000b) .
Mineral clays have sometimes been used as feed additives, mainly as a complexing mechanism to deliver minerals to the animal. One of these, bentonite, was discovered to stimulate wool growth (Fenn and Leng, 1988) and increase the flow of dietary and bacterial protein , by suppressing protozoal numbers. The mechanism by which bentonite appeared to suppress protozoal activity was to interfere with the cilia, rendering the protozoa immotile ( Fig. 3.4 ; Wallace and Newbold, 1991) .
Natural products
Growth-promoting antibiotics and ionophores will be banned in Europe from the end of 2005, in an Fig. 3 .4. Influence of bentonite on rumen ciliate protozoa. Note the way that there seems to be a shell at the end of the cilia, preventing ciliate motility. These protozoa are about 250 mm in length. From Wallace and Newbold (1991). attempt to stem the dangers of antibiotic resistance arising from livestock production, and other parts of the globe may follow suit. Thus, there is increasing interest in exploiting natural products as feed additives, which bring the same benefits without the accompanying dangers to human health. Secondary metabolites in plants function both as nutrient stores and also as a mechanism for defending their structure and reproductive elements from predation by animals and insects (Haborne, 1989) . Among the types of material tested, essential oils, saponins, tannins and microbial feed additives hold promise as natural feed additives for ruminants.
ESSENTIAL OILS. Essential oils are steam-volatile or organic-solvent extracts of plants, comprising monoterpenes or their aldehyde or alcohol derivatives. They have been used traditionally for their pleasant odour, flavour, or antiseptic and/or preservative properties. Essential oils were examined many years ago in ruminal bacteria, from the point of view of the oils contributing to poor palatability in some plant species (Oh et al., 1967) . General inhibitory activity was found across a range of plant materials, of which vinegar weed was the most potent. Oh et al. (1968) showed that individual oils had different effects on mixed ruminal bacteria. Monoterpene hydrocarbons were less toxic and sometimes stimulatory to microbial activity compared to the corresponding oxygenated compounds, the monoterpene alcohols and aldehydes (Oh et al., 1968) . The sensitivity of ruminal bacteria to essential oils of Artemisia tridentata (big sagebrush) was the same in captive deer as it was in wild deer, which was suggested to mean that ruminal bacteria did not adapt to essential oils (Nagy and Tengerdy, 1968) . Thus, essential oils were not necessarily toxic to ruminal bacteria, and their effects might be expected to persist.
Dietary essential oils decreased rates of NH 3 production from AA in ruminal fluid taken from sheep and cattle receiving the oils, yet proteinase and peptidase activities were unchanged Chapter 4) . HAP species were the most sensitive of ruminal bacteria to essential oils in pure culture , and numbers of HAP bacteria were suppressed in ruminal fluid by essential oils. There are also indications that colonization of protein supplements is influenced by essential oils . Thus, if the key components of the essential oil mixture which influence different steps can be identified, the prospects are excellent for future development of these materials as a means of regulating protein metabolism in the rumen.
SAPONINS. Another group of natural plant compounds that has received attention as a possible means of manipulating N metabolism in the rumen are the saponins. A decrease in protozoal numbers in the rumen of sheep consuming the pericarp of Sapindus saponaria was reported by Diaz et al. (1993) . A methanol extract prepared from Sapindus rarak fruit depressed the protozoal population in the rumen of sheep by 57% (Thalib et al., 1995) . Foliage from Sesbania sesban, a multipurpose leguminous tree from subSaharan Africa, inhibited protozoal activity in vitro and transiently depressed the number of protozoa in the rumen of sheep in the UK . In all cases the antiprotozoal action has been attributed to saponins in the plant material.
Saponins are found in a wide variety of different plants. Saponins are glycosides, which apparently interact with the sterols present in eukaryotic membranes but not in prokaryotic cells (Hostettmann and Marston, 1995; Cheeke, 1998; Wallace et al., 2002) . Consequently, they are toxic to protozoa and act as effective defaunating agents Makkar et al., 1998; Hristov et al., 1999; Chapter 4) . Defaunation can lead to improved ruminal N metabolism by increasing bacterial protein synthesis, reducing bacterial lysis through predation, and thus improving the flow of microbial protein leaving the rumen (Section 3.2.5; Koenig et al., 2000) . Unfortunately, however, there appears to be adaptation of the mixed microbial population to saponins or saponin-containing plants over time (Teferedegne et al., 1999) , thus reducing their effectiveness. Many saponins are degraded rapidly in rumen fluid in vitro (Makkar and Becker, 1997) , although the resultant sapogenins are apparently more resistant to further degradation (Wang et al., 1998) . Sapogenins do not have the antiprotozoal property of the parent saponin (Teferedegne et al., 1999) . This observation may explain why although many tropical forages are apparently toxic to protozoa in an initial in vitro screen, only a few (presumably those with saponins less likely to be degraded to sapogenin) have prolonged antiprotozoal activity in vivo (Teferedegne, 2000) . Amongst those with a prolonged activity in vivo, up to 14 days before ciliates return (Ivan et al., 2003) , Enterolobium cyclocarpum has been shown to increase the rate of body weight gain and wool growth in lambs (Leng et al., 1992; Navas-Camacho et al., 1993) presumably as a consequence of an increased supply of microbial protein. Certain fibrolytic bacteria are also detrimentally affected by the addition of saponins , as are anaerobic ruminal fungi, important in the initial colonization of plant material (Orpin and Joblin, 1997) . These are factors that could have serious consequences on overall fermentation and the advantages and disadvantages of feeding these compounds must be considered and evaluated before use.
Other plant secondary compounds may also prove to be beneficial feed additives. Already polyphenolic compounds such as the tannins have been well characterized with respect to their effect upon ruminal N metabolism (Section 3.2.1.1; McSweeney et al., 2001; Chapter 4). Alkaloids, flavonoids, glycosides, amines and non-proteic AA may also prove beneficial. It may be argued, however, that instead of concentrating on specific compounds, perhaps it would be more beneficial to look at the wider picture and test a wide range of different plant species with the aim of identifying plants which alter rumen fermentation leading to decreased bloat, lactic acidosis, methanogenesis, in addition to increased N retention. Several research consortia have already been put in place to fulfil these aims.
MICROBIAL FEED ADDITIVES. Microbial feed additives investigated in ruminants include bacteria, yeast, fungi and their extracts. To our knowledge, none has been designed with N metabolism as a target, and direct effects on microbial protein metabolism are difficult to discern. Lactobacillus acidophilus caused decreased proteolysis in calves (Skrivanova and Marounek, 1990 ) and rumen-simulating fermenters (Yoon and Stern, 2003) . The effects of yeast and fungi on protein metabolism appear to be indirect. Saccharomyces cerevisiae addition to the diet decreased NH 3 concentrations, but this effect may result simply because the yeast stimulates growth of ruminal bacteria, which in turn use more NH 3 (Nagaraja et al., 1997) . Similarly, Aspergillus oryzae extract improves fibre digestion under some dietary conditions (Nagaraja et al., 1997) which in turn would enhance the uptake of NH 3 by ruminal microorganisms. There appears to be scope for microbial feed additives targeted more towards regulating ruminal N metabolism.
Immunization of the animal against unwanted ruminal microorganisms
At first sight, producing a vaccine against specific ruminal microorganisms might seem an improbable way of regulating ruminal N metabolism, because the microbes are, by and large, commensals with no pathogenic effects. Experience has shown, however, that potential exists for such a strategy, provided the target organism(s) is well defined and is solely or mainly responsible for the target activity. It is presumed that the antibodies in saliva provide the antimicrobial effect. The first report linking immunoglobulins and undesirable ruminal bacteria was that of Horacek et al. (1977) who suggested that S. bovis might be controlled, via salivary immunoglobulins, by immunization of the host animal. Shu et al. (1999) picked up on that idea to produce a vaccine that was successful in controlling S. bovis and Lactobacillus and thus decreasing the tendency of cattle to acidosis. Immunization against methanogenic archaea has also proved successful (Baker, 1995 (Baker, , 1999 , although whether, as suggested above, deamination of AA might also be inhibited has not been investigated. Experiments have suggested that an antiprotozoal vaccine might prove effective (Gnanasampanthan, 1993 ), which in turn should lead to improved microbial protein flow (Section 3.2.5; Chapter 4). However, no publications have appeared describing vaccines against other potential targets of protein metabolism, such as Prevotella spp. and HAP bacteria.
Immunization has been investigated with the aim of decreasing urease activity in the rumen and thereby helping to retain as much of the urea-N in rumen microbial protein as possible. Serum antibodies from sheep immunized against jackbean urease inhibited jackbean urease but not urease from the bacteria on the rumen wall (see Section 3.2.2.1; Marini et al., 2003) . As a consequence, urea kinetics in the animals were unaffected. Possibly, therefore, rumen microbial urease is antigenically different to jackbean urease; alternatively, as the enzyme is predominantly intracellular, antibodies probably do not reach the bacterial cytoplasm where the enzyme is located.
Impact of the -omics Technologies on Understanding Nitrogen Metabolism in the Rumen
During the last decade the advancements of molecular techniques have helped to provide insight into, and evaluate the genetic diversity and phylogenetic relationships of the microorganisms present in the rumen ecosystem without the need for their cultivation. As with most natural ecosystems, especially those involving obligate anaerobes in gut systems, the direct microscopic count of rumen bacteria frequently exceeds the cultivable count (Ward et al., 1990; Tajima et al., 1999) . This can be due to problems with obtaining the correct growth conditions to reproduce those encountered in vivo or because of the need for a syntrophic association for the growth of certain organisms (McInerney et al., 1981) . In addition, a bias towards the over-representation of organisms which are easily cultivated under laboratory conditions in culture-based enumeration and diversity studies can exist. As a result, it has been impossible to fulfil the basic prerequisites for ecological studies, namely population analysis and the exact enumeration and identification of specific community members with respect to their temporal and spatial organization in the rumen in response to dietary changes. However, with the recent advancement in molecular methods employed for the analysis of microbial communities using group-and species-specific 16S rRNA targeted probes (Stahl et al., 1988; Krause and Russell, 1996; Wood et al., 1998) , enumeration of these organisms has been achieved, and further insight has been gained into the complex relationships involved in the rumen ecosystem. In addition, new organisms have been identified on the basis of the retrieval and sequencing of SSU ribosomal DNA (rDNA) from clone libraries generated in response to a specific diet (Tajima et al., 1999) and in response to dietary changes which have led to changes in the microbial population (Tajima et al., 2000) . Such approaches will prove useful in determining the effect of potential dietary factors, which may decrease proteolysis in the rumen, upon the microbial population.
Already studies using competitive polymerase chain reaction (cPCR) with specific primers based upon 16S rDNA sequences have also been used to enumerate certain groups of proteolytic organisms (Streptococcus, B. fibrisolvens, Eubacterium sp. and P. bryantii and Prevotella spp.) and the total eubacterial population in ruminants fed different levels of N in their diets . It was concluded that the availability of N and carbohydrate in the diet had an effect upon the different species but no effect on the total eubacterial population, nor on the total number of Prevotella present, even though differences were observed with the different diets in the number of P. bryantii present, indicating an effect upon the subpopulations. The same probes were used in another study to determine the effect of condensed tannins from the forage legume Lotus corniculatus upon the numbers of these specific organisms (Min et al., 2002) and their proteolytic activity ( Jones et al., 1994; Molan et al., 2001) . Although the condensed tannins from this legume reduced the populations of some proteolytic bacteria, total ruminal microbial protein and microbial protein outflow to the abomasum were unchanged, suggesting a species-specific effect of condensed tannins on bacteria in the rumen. Real time PCR studies have also been used to enumerate ruminal microorganisms (Tajima et al., 2001; Ouwerkerk et al., 2002) with specific PCR primers. However, due to the limit in the number of detection probes and PCR primers available at present for ruminal bacteria, this work has been restricted, and further work is required to design and evaluate more probes for the detection and quantification of ruminal microorganisms.
In addition to developing specific probes for the analysis and enumeration of different species and groups of organisms, further studies have been carried out in microbial ecosystems using another non-culturing technique. Termed metagenomics, this technique combines both traditional and functional genomics and allows the study of the full extent of biodiversity that can be found within a microbial ecosystem as complex as the rumen, in terms of the different genes and activities found. Collectively, the genomes of all of the microorganisms present in a system can be studied by cloning large fragments of DNA isolated directly from the environment into bacterial artificial chromosome (BAC) libraries which can be expressed and screened for a variety of different activities of interest. Sequence analysis will then provide a basis for conducting genomic analyses, linking functional and phylogenetic information of organisms which have been previously unculturable. Proteolytic and peptidolytic activities can be easily screened for, and perhaps novel organisms which have proved previously unculturable, may be identified through this approach.
In conjunction with the above techniques, improved efficiency and speed of genomic sequencing will lead to further understanding of the complexity and microbial ecology of the rumen and the identification of genes of interest and the regulatory elements involved in their expression. To date, only a handful of genes which are involved in N metabolism have been cloned and sequenced from ruminal microorganisms (Table 3. 3). Several predominant important ruminal microorganisms have had their genome sequenced. Included in this group is the type strain P. ruminicola, number 23, which as discussed previously is an important proteolytic organism. Through sequencing of its genome, it is hoped that genes involved in N metabolism will be identified, along with possible regulatory elements, which may allow the downregulation of proteolytic and peptidolytic activity. Comparative genomic analysis between related organisms can identify conserved regions and subtractive hybridizations can identify differences between the genomes of related organisms. A shotgun cloning approach has also been applied to the rumen ciliate protozoa with the view to obtaining and identifying genes of interest in these organisms. Several proteases and genes which encode enzymes involved in N metabolism have been identified (Neil McEwan, 2003, Aberdeen, UK, personal communication) .
The influence of N availability in the growth medium has been studied upon growth and proteolytic activity of several ruminal microorganisms (Kirk et al., 2000; Sales et al., 2000; Walker et al., unpublished results) . Like the in vivo studies of Reilly et al. (2002) , these in vitro studies have demonstrated that N availability and concentration can affect proteolytic and peptidolytic activities. Analysis of the proteome of these organisms in response to changes in the N composition of the medium may give some indication of the regulatory mechanisms involved in these important organisms and the influence these may have on the overall N metabolism of the host animal.
Thus the combination of genomic, metagenomic and proteomic techniques will provide important influential techniques in the study and understanding of the complexity of the rumen microbial ecosystem and the role it plays in N metabolism in the host animal. By utilizing probes and markers, the influence of dietary factors upon the ruminal microbial population can be studied effectively. As it is the microbial population itself that determines the overall fermentation and metabolic activity of the host, any factor that causes a shift in the microbial population must be evaluated.
Conclusions
Extensive research has expanded the scientific understanding of the biochemical processes and ecological relationships between the different ruminal microorganisms involved in the metabolism of nitrogenous compounds in the rumen. There can be no argument that the microbial population plays a key role in determining the rate and degree of protein degradation and N utilization. However, it seems as one question is answered, and one problem is solved, more questions and problems arise. It is hoped that with the advancement in molecular techniques and an increase in the knowledge regarding the genetic elements which control the expression of enzymes of microorganisms involved in the proteolytic cascade and the different ecological interactions which occur in the ruminal ecosystem, we may finally achieve the ultimate goal of altering N retention by the host ruminant animal and thus having a positive impact on the environment by controlling N excretion. 
